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Biopolymers have attracted great research interests in their use as adsorbents in recent 
years. Chitosan, a derivative of chitin, a natural biopolymer existing in various 
crustacean biomasses and being widely available from seafood industry waste, has 
been extensively studied as an adsorbent for the removal of heavy metal ions and 
natural organic matters from aqueous solutions, largely attributed to the non-toxicity of, 
and the presence of the free amine and hydroxyl groups in chitosan. The purpose of 
this study was to develop novel chitosan-based biopolymer granular adsorbents for 
enhanced removal of heavy metal ions. The research included synthesis and 
characterizations of mechanically strong chitosan-cellulose hydrogel beads through 
polymer blending, improvement of chitosan hydrogel beads for acid resistance by 
novel amine group protected crosslinking and functionalizations of chitosan beads 
through surface grafting for selective and enhanced adsorption of heavy metal ions.  
 
In the first part of the study, chitosan was blended with cellulose to make 
chitosan-cellulose hydrogel beads and the hydrogel beads were crosslinked with 
ethylene glycol diglycidyl ether (EGDE). It was found that the addition of cellulose 
into chitosan made the hydrogel beads materially denser (hence mechanically stronger) 
and crosslinking improved the chemical stability of the chitosan-cellulose beads in 
solutions with pH values down to 1. Batch adsorption experiments for copper ion 
removal showed that both chitosan-cellulose and crosslinked chitosan-cellulose 
hydrogel beads had reasonably high adsorption capacities for copper ions, although the 
crosslinked chitosan-cellulose beads exhibited lower adsorption capacities than the 
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non-crosslinked beads, attributed to the consumption of the amine groups of chitosan 
in the crosslinking process.  
 
Then, a new amine-shielded crosslinking method of the chitosan beads with ethylene 
glycol diglycidyl ether (EGDE) was attempted in order to improve the metal adsorption 
performance of the crosslinked chitosan beads. Most of the amine groups in chitosan 
were converted to –N=CH2 groups through formaldehyde treatment and hence they were 
not involved in the crosslinking reaction with EGDE. A final treatment of the beads with 
a HCl solution after the crosslinking reaction effectively released the shielded nitrogen 
atoms in the –N=CH2 groups into the form of the primary amine. Copper ion adsorption 
experiments confirmed that chitosan beads crosslinked with the new method had 
significantly greater adsorption capacities than the beads crosslinked with the traditional 
method.  
 
Another effort has been made toward the selectivity of the adsorbent in the removal of 
heavy metal ions from aqueous solutions. Chitosan beads were modified through 
surface grafting and polymerization of acrylamide, via a surface-initiated atom transfer 
radical polymerization (ATRP) method, to achieve enhanced and selective removal of 
mercury ions. The chitosan-g-polyacrylamide beads were found to have significantly 
greater adsorption capacity and faster adsorption kinetics for mercury ions than 
chitosan beads. In co-adsorption experiments with both mercury and lead ions, the 
chitosan-g-polyacrylamide beads showed excellent selectivity for mercury ion 
adsorption over lead ions, in contrast to chitosan beads which did not show clear 
selectivity for either of the two metal species. Mechanism study suggested that the 
selectivity in mercury ion adsorption with chitosan-g-polyacrylamide beads can be 
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attributed to the ability of mercury ion to form covalent bonds with the amide groups 
of the beads.  
 
A final attempt was made to increase or enhance the adsorption capacity of crosslinked 
chitosan beads for their effective applications in acidic solution. Chitosan beads were 
crosslinked by the conventional method and then grafted with polyacrylic acid (PAAc) 
via a simple and environmental friendly two-step surface modification method. Zeta 
potential analysis showed that the modified beads had negative zeta potential at pH 
greater than 4, which favored the adsorption of cation metal ions at a wider pH range 
(pH > 4), as compared to chitosan (DCHB) beads at only pH > 6.7. Adsorption 
experiments showed that the modified chitosan-polyacrylic acid (DCHB-PAAc) beads 
had much greater adsorption capacity for lead ions than the DCHB beads at all the pH 
values studied. The enhanced adsorption capacity was attributed to the high density of 
the carboxyl groups on the DCHB-PAAc beads that formed complexes with lead ions 
in the adsorption process. Desorption study showed that the lead ions adsorbed on the 
DCHB-PAAc beads can be easily and effectively desorbed and the regenerated beads 
can be reused almost without any loss of adsorption capacity.  
 
In conclusion, novel chitosan-based adsorbents with good mechanical strength, high 
adsorption capacity, excellent adsorption selectivity and wide pH application range 
have been successfully developed. The chitosan-based adsorbents showed good 
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1.1 Overview  
Heavy metal contamination of water resource is of great concern because of the toxic 
effect to human beings, and other animals and plants in the environment at even very 
low concentrations (Kadirvelu et al., 2000; Descalzo et al., 2003; Xiao and Thomas, 
2005). The main source of heavy metal contamination is from various industrial 
activities, such as mining operations, metal plating, electric device manufacturing, and 
so on. Many of the heavy metals, including copper, lead and mercury, appear in the 
U.S. Environmental Protection Agency’s priority list of pollutants (Cameron, 1992). 
Since heavy metal ions are not biodegradable in nature, effective removal of heavy 
metal ions from aqueous solutions through other technologies (physical or chemical) is 
important in the protection of environmental quality and public health. 
 
Various chemical and physical methods have been used to remove heavy metal ions in 
the last few decades. These methods include chemical precipitation, solvent extraction, 
ion exchange, evaporation, reverse osmosis, electrolysis and adsorption. Among these 
methods, chemical precipitation, solvent extraction, ion exchange and adsorption are 
more commonly used. Chemical precipitation has traditionally been used to remove 
heavy metal ions from wastewater with relatively high concentrations. The operation 
of chemical precipitation is simple but generates large quantity of sludge that is often 
difficult for further disposal. In addition, chemical precipitation is usually not effective 
to remove trace levels of metal ions from aqueous solutions. Solvent extraction has 
widely been used in organometal removal. Although the process may have fast kinetics 
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and high capacity, solvent extraction is often costly due to the quantity and specific 
type of solvents needed. Ion exchange method has commonly been used to remove 
metal ions from water or wastewater, but the process has slow kinetics, consumes 
additional chemicals, generates hazardous streams, and is not well applied to heavy 
metal ions due to possible problem of resin pollution. Adsorption has been considered 
as, possibly, the most cost-effective method for heavy metal ion removal, especially at 
medium to low concentrations, because the process is simple, and chemical 
consumption or waste generation is not a significant issue. However, traditional 
adsorbents, such as activated carbon, are often not effective to adsorb heavy metal ions 
from water or wastewater. 
 
For the removal of heavy metals from wastewater, it is important to have effective and 
cheap adsorbents available for large scale treatment applications. In recent years, 
biosorption using materials of biological origin has emerged as an attractive method 
for the removal of heavy metal ions from aqueous solutions, largely due to the unique 
properties of these materials being environmentally benign, low cost, effective in trace 
metal level and easy to regenerate for reuse (Babel and Kurniawan, 2003). Many 
biological materials have been studied in the removal of heavy metal ions, including 
seaweed, alginate, husk, sugar beet pulp and chitosan. Particularly, chitosan, a 
derivative from N-deacetylation of chitin - a naturally occurring and abundant 
polysaccharide from crustacean and fungal biomass, has been found to be capable of 
chemically or physically adsorbing various heavy metal ions (Bailey et al., 1999). This 
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can be attributed to the high content of the functional groups of hydroxyl and amine in 
chitosan (Ravi Kumar, 2000).   
 
Although chitosan has many attractive properties, it also has several shortcomings. 
Raw form of chitosan (flake or powder) is a crystallized polymer. Since metal ions 
could only be adsorbed onto the amorphous region of the crystals (Muzzarelli, 1973), 
the flake and powder forms of chitosan therefore have low adsorption capacity. In 
order to reduce the crystallinity, progress has been made to produce chitosan hydrogel 
beads through a gel formation process. The hydrogel beads however show poor 
mechanical strength, which has limited their application and reuse in water and 
wastewater treatment. Although a number of papers have been published in the 
literature on the performance of metal ion removal with chitosan hydrogel beads, little 
research has been done on the improvement of the mechanical strength of the chitosan 
hydrogel beads (Crini, 2005).  
 
Another limitation of the chitosan beads is their poor acidic resistance. It was reported 
that chitosan starts to dissolve at pH 4 or less (Maruca et al., 1982). Attempts have 
been made to improve the chemical stability of the hydrogel beads under acidic 
conditions through chemical crosslinking of the surfaces with various crosslinking 
agents. The method is found to be effective to reduce the solubility of the chitosan 
hydrogel beads in aqueous solutions of low pH values (Hsien and Rorrer, 1997). 
However, most of the chemical crosslinking agents, e.g. ethylene glycol diglycidyl 
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ether (EGDE), glutaraldehyde (GA) and even epichlorohydrine (ECH), are prone to 
react with the amine groups instead of the hydroxyl groups in chitosan (Wan Ngah et 
al., 2002). As a result, the adsorption capacity of the crosslinked chitosan hydrogel 
beads is usually greatly reduced by the crosslinking agents, because the amine groups 
of chitosan, known to be the main chelating sites for many types of heavy metal ions, 
are consumed by the crosslinking reaction. In order to preserve or improve the 
adsorption capacity of the chitosan hydrogel beads, it is therefore desirable to find a 
crosslinking method that can prevent the amine groups of chitosan from being 
consumed by the crosslinking reaction.  
 
In addition, the amine groups of chitosan normally do not show a good selectivity to 
different types of heavy metal ions. There has been increasing interest in highly 
selective adsorption of heavy metals because this can prevent second pollution of 
heavy metals and allow recovery and reuse of the different types of heavy metals that 
are usually the common and often expensive industrial raw materials. Although many 
studies have reported surface modification of chitosan to improve the adsorption 
performance, research on surface modification of chitosan for selective adsorption of 
heavy metal ions has seldom been reported.  
 
Finally, the crosslinking of chitosan beads as an adsorbent may be necessary or 
unavoidable for actual applications to remove heavy metal ions from industrial 
effluents that are often highly acidic. An interesting topic would then be how to 
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significantly improve or increase the adsorption capacity and rate of the crosslinked 






















1.2 Objectives and scopes of the study 
As mentioned early, chitosan, especially in its hydrogel form, has been widely studied 
as an adsorbent for the removal of heavy metal ions in recent years. However, there are 
various limitations that have prevented chitosan from more widespread applications. 
These limitations may include the relatively poor mechanical properties of the chitosan 
hydrogel beads, the low adsorption capacity of the crosslinked chitosan beads, and the 
non-selectivity of the beads in removing various heavy metal ions. The objectives of 
this study are therefore to make advancements in the development of chitosan into a 
more attractive adsorption material with improved or enhanced properties and 
adsorption performance for heavy metal removal from water or wastewater. Various 
modern processing technologies such as polymer blending and surface modification 
will be used to overcome the limitations of chitosan and expand its capability as the 
desired adsorbent. Various modern analytical technologies such as SEM, FTIR, and 
XPS will be sued to characterize the material and elucidate the mechanisms involved 
in the material preparation and adsorption processes. The focus will be on chitosan 
beads due to the potential for regeneration and reuse. 
 
The specific scopes of the study will include: 
(1) Blending chitosan with other polymers and examining the effect of blending on 
the mechanical property of the chitosan beads and their adsorption performance. 
A candidate polymer of particular interest for blending will be cellulose due to 
its abundance in the nature and similarity in the structure with chitosan. 
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 (2) The conventional chemical crosslinking of chitosan usually significantly 
reduces the adsorption capacity of chitosan although improves its acidic 
resistance. While it may be necessary to chemically crosslink chitosan for 
industrial applications with low solution pH values, it is of interest to explore 
the possibility in improving the adsorption with low solution pH values, it is of 
interest to explore the possibility in improving the adsorption capacity of 
crosslinked chitosan. The conventional crosslinking methods consume the 
amine groups of chitosan and hence reduce its adsorption capacity. A new 
attempt will be made to develop a novel crosslinking method that can protect or 
prevent the amine group of chitosan from being consumed in the crosslinking 
reaction and hence preserve the adsorption capacity of chitosan. 
 
 
(3) The amine groups of chitosan are the main functional groups in chitosan for 
heavy metal adsorption. The amine groups have however been found to have 
no selectivity for various heavy metal ions. For increasing interest in heavy 
metal removal and recovery, attempts will be made to explore the possibility of 
making chitosan adsorbent selective to certain heavy metal ions. Modern 
surface modification method will be used to increase the adsorption capacity 
and selectivity of chitosan beads, with particular interest in mercury removal 
due to its high toxicity. 
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 (4) New method will be developed on the possibility to significantly enhance the 
adsorption capacity of chitosan, especially the crosslinked chitosan beads. 
Surface grafting method will be used to graft functional polymer to the chitosan 
surface and grow the functional polymer chain. This can be expected to 
significantly increase the reactive sites or density of the adsorbent and therefore 
increase the adsorption capacity of chitosan. 
 
Through the above efforts, it is our intention to make chitosan into a more attractive 



















































2.1 Heavy metal pollution 
2.1.1 General  
Heavy metal pollution is a pervasive and extremely serious environmental problem. It 
was reported that over 3 million sites in the United States, including municipal and 
industrial landfills, require remediation at a cost ranging from 250 billion to 1 trillion 
dollars (Kavanaugh, 1995). The present situation of heavy metal pollution in many 
developing countries is even more serious, largely attributed to their low 
environmental consciousness and also their desire for excess economic benefits 
(Harrison, 1990). Hence, the proper management of global environment is increasingly 
becoming an important issue. In view of effective environmental protection, heavy 
metals are particularly of priority because of their important industrial roles and wide 
presence in various water or wastewater, and also their accumulation through food 
chain, which incurs toxic or inhibitory effect on living things (Dumont et al., 1996; 
Bailey et al., 1999).   
 
Heavy metals may enter the aquatic environment, such as rivers and lakes, from 
various sources. The first source can be from the nature. Wet and dry fallout of 
atmospheric particulate matters derived from the natural source, such as the dust from 
the weathering of rock and soil, or from human activities, including the combustion of 
fossil fuels and the processing of metals, can introduce relatively a large percentage of 
the heavy metals in rivers and lakes. Dead and decomposing vegetation and animal 
matter also contribute a small percentage of the metals in the adjacent waters. 
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Generally, groundwater has higher dissolved mineral concentrations than surface 
waters. This is due to the intimate contact between the CO2-bearing water and the 
rocks and soils in the ground that is rich in metal compounds and the long length of 
contact time for dissolution (Dix, 1981). 
 
The main point sources of heavy metal pollution may be attributed to the 
anthropogenic factors. Heavy metals exist in aqueous waste streams of many industries, 
such as from electroplating operations, mining industrial activities, and 
power-generating stations, etc (SenGupta, 2002). The waste streams produced from 
these industries have sometimes been left behind and hence polluted the surrounding 
soils, surface water and ground water. Santos et al. (2002) reported the heavy metal 
pollution of groundwater in the alluvialaquifers of the Guadiamar River in Spain by 
Aznalcollar mine tailing spill. The overmuch utilization of some heavy metal 
contained agrochemicals in agriculture can be another source of heavy metal pollution. 
Wong et al. (2002) reported the accumulation of heavy metals in agricultural soils of 
Pearl River delta, south China in the past few decades, owing to the rapid urban and 
industrial development and increasing reliance on agrochemicals. The heavy metals 
contained in soils leached into water because of rain, and caused pollution of the Pearl 
River.  
 
Heavy metals are not biodegradable, and are toxic even at very low concentrations and 
tend to accumulate in living organisms, causing various diseases and disorders. The 
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most frequently encountered heavy metals may include mercury, lead, cadmium, 
copper, chromium, nickel and zinc etc. In this study, copper, lead and mercury will be 
examined because of their relevance in Singapore. 
 
2.1.2 Copper, Lead and Mercury 
2.1.2.1 Copper (Cu) 
Copper, the 29th element in the Periodic Table, has the electronic configuration of 
1s22s22p63s23p63d104s1. It is the least reactive element in the first row of the transition 
metals and it forms some compounds in which there is an incomplete d-subshell. Being 
a transition metal, copper occurs in metallic form or in compounds as Cu (I) or Cu (II) 
(Merian, 1991). 
 
Copper is a reddish metal that occurs naturally in rock, soil, water, sediment, and air. 
The primary use of copper, accounting for approximately half of its production, is in 
electrical equipment. Copper is also a component of many alloys where it may occur 
together with other metals, such as silver, cadmium, tin and zinc. Other important uses 
of copper are in plating, plumbing and heating. Copper salts may also serve as 
pesticides (Friberg et al., 1986).  
 
Copper pollution is mainly caused by anthropogenic factor of industrial applications. 
Corrosion of plumbing, metal cleaning operations, plating baths and rinses are by far 
the greatest cause of concern. For example, copper levels in plating baths can be as 
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high as 50,000 mg/L, while its concentration in the rinse waters may be as high as 0.02 
to 1% of the process bath concentration (Golomb, 1972). Copper is rarely found in 
source water directly, but copper mining and smelting operations and municipal 
incineration of wastes may be the major sources of copper contamination to source 
water. For example, the concentrations of copper in the sewage to Winnipeg’s three 
wastewater treatment facilities were reported to be 157, 271, 201 µg/L, respectively. 
The presence of copper in the sewage was attributed mainly to the industrial effluents 
received in one of the facilities and was due to the use of copper piping in the districts 
served by the other two plants (Carroll and Lee, 1977). It was estimated that the annual 
industrial discharges of copper into freshwater environments was at 1.4 x 1010 g/year, 
and the amounts of copper in industrial wastes and sewage sludge that have been 
dumped into the ocean was 1.7 x 1010 g/year worldwide (Nriagu, 1979).  
 
Copper is an essential element for living organisms, including humans, and necessary 
in small amounts in our diet to ensure good health. However, too much copper can 
cause adverse health effects, including vomiting, diarrhea, stomach cramps, and nausea 
(Ng et al., 2002). Copper is stored mainly in liver, brain, heart, kidney and muscles. 
There are evidences to suggest that copper may be carcinogenic and large acute doses 
and intake could accumulate in the liver or kidney and be extremely harmful, even 
fatal (Tseng et al., 1999). Marine and aquatic organisms can also be at great risk 
because copper is highly toxic to them, even at low concentrations. Although it is an 
essential element to plants, exceptionally high copper concentrations may be toxic to 
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plants by affecting mainly the growth of the roots (Massey et al., 1973). 
 
2.1.2.2 Lead (Pb) 
Lead is one of the IV-A group elements (atomic number of 82) whose electron 
configuration consists of filled shells plus four electrons in the 6s26p2 states. Lead has 
two stable positive oxidation states: +2 and +4, and it is generally found in complexes 
with a coordination number of 6. The most common one and the one with the most 
complex hydrolysis behavior is Pb2+ (Harrison and Laxen, 1981).  
 
Because of its low melting point and durability, lead has been an important metal in 
human societies over many thousands of years. During the period of Roman Empire, 
lead pipes were widely used in water supply. Lead was also used early as a 
construction material. Since the early days of the industrial revolution, the use of lead 
has increased dramatically (Harrison and Laxen, 1981). Nowadays, lead is normally 
used as a radiation shield around X-ray equipment and nuclear reactor and is 
extensively used in paints and, in lead arsenate, as insecticides in agriculture 
(Schneegurt et al., 2001). 
 
The major reason for lead pollution in environment is due to anthropogenic factor of 
industrial applications, such as in electroplating industries, metal finishing industries, 
burning of leaded gasoline, mining and metallurgic industries, and trash incineration. 
According to a report, the anthropogenic inputs of lead (direct deposition from air and 
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runoffs) to the environment were one or two orders of magnitudes greater than that 
from natural sources (Hutchinson and Meema, 1987). For example, the storage battery 
industry has been the largest user of lead. Lead from burning leaded gasoline used to 
be a major source of atmospheric and terrestrial lead, much of which eventually 
entered natural water systems. 
 
Lead is a cumulative poison and concentrates primarily in the bones. The effects on 
human include hypertension and brain damage. Acute lead poisoning in humans causes 
severe dysfunction in the kidneys, reproductive system, liver, brain and central nervous 
system. Lead poisoning from environmental exposure is known to cause mental 
retardation, especially in children. Mild lead poisoning causes anemia. The victim may 
have headaches and sore muscles and may feel generally fatigued and irritable 
(Harrison and Laxen, 1981). Hence, lead has been classified as priority pollutant by the 
US Environmental Protection Agency (EPA) and the Maximum Contaminant Level 
(MCL) of lead ions in drinking water has been set at a very low level of 0.015 mg/L by 
the EPA. 
 
2.1.2.3 Mercury (Hg) 
Mercury has an atomic number of 80 and exists in ionic form as Hg2+ (mercuric salts) 
and Hg+ (mercurous salts). Organic mercury compounds consist of diverse chemical 
structures in which mercury forms a covalent bond with carbon. Occurring as 
elemental mercury, and as inorganic and organic compounds, all forms of mercury 
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have different toxicological properties (O’Neill, 1985).  
 
Elemental and inorganic mercury compounds are used in the manufacture of scientific 
instruments (thermometers, barometers), electrical equipment (switches, rectifiers, 
oscillators, electrodes, batteries, coulometers, mercury vapor lamps, X-ray tubes, lead 
and tin solders), dental amalgams, synthetic silk. Mercury has also been used in the 
plating, tanning and dyeing, textile, photographic and pharmaceutical industries 
(Watras and Huckabee, 1994).  
 
Human activities have resulted in the release of a wide variety of inorganic and organic 
forms of mercury. Elemental mercury was released into the atmosphere through the 
electrical industry, chloralkali industry, and the burning of fossil fuels (coal, petroleum, 
etc.). Metallic mercury has also been released directly into fresh water by chloralkali 
plants, and both phenylmercury and methylmercury compounds have been released 
into fresh and sea water by wood paper-pulp industry and chemical manufacturers. 
One of the major sources of mercury waste comes from the use of mercury cells in the 
chloralkali industry.  
 
Water contains mercury mainly in the form of Hg2+. The acute and long-term action of 
Hg2+ can be gastrointestinal disturbance and renal damage − appearing as a tubular 
dysfunction with tubular necrosis in severe cases (Liu et al., 2003). Methylmercury is 
formed naturally in the aquatic and terrestrial environment from elemental mercury 
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and mercuric mercury. The methylmercury is rapidly taken up by living organisms in 
aquatic environment and enters the food chain. The hazards involved in long-term 
intake of food containing methylmercury are from the efficient absorption (90%) of 
methylmercury in man and methylmercury accumulation in the brain. Chronic 
poisoning can cause degeneration and atrophy of the sensory cerebral cortex, as well as 
parenthesis, ataxia, hearing and visual impairment. Methylmercury exposure to 
pregnant females may result in inhibited brain development of the fetus with 
psychomotor retardation of the child as a consequence (Watras and Huckabee, 1994). 
Hence, one of the ways to reduce the effect of methylmercury can be to minimize the 














2.2 Methods for heavy metal removal 
The separation of heavy metal ions presented as contaminants in water is complicated 
by the number of variables that must be considered, including the solution composition, 
the pH, and the presence of organic substances. Also a challenge encountered in the 
removal of heavy metal ions is that the target species are usually in low concentrations 
and exist in complex mixtures. Various methods have been used in the removal of 
heavy metal ions, including chemical precipitation, solvent extraction, ion exchange, 
evaporation, reverse osmosis, electrolysis and adsorption (Harrison, 1990). 
 
Chemical precipitation: This is the most traditional, common and simple method. The 
conventional way to separate heavy metals from the wastewaters they are dissolved in 
is to adjust pH to cause metal precipitation by the addition of lime or other anionic 
polyelectrolyte. For example, Janson et al. (1982) used hydroxide precipitation method 
to remove Zn2+, Pb2+, Cr3+ by adjusting the pH of the solution to a value greater than 
10. Cu2+ can be removed by forming heavy metal sulfide precipitation. However, Hg2+ 
can not be effectively removed by chemical precipitation. The precipitation method 
produces a large amount of sludge, which transforms an aquatic pollution problem to a 
solid waste pollution problem. In addition, chemical precipitation is usually inefficient 
to deal with low concentration of heavy metals. 
 
Solvent extraction: It is extensively utilized in organometal removal from wastewater. 
The extractant is capable of ion exchanging or forming chelates with the metal ions to 
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be removed. Upon mixing, the metal ions are transported to the organic phase. The 
phases are allowed to separate, and the metal ions are stripped from the loaded organic 
phase. The concentrated metal ion solution can then be purified or disposed. Solvent 
extraction offers the advantages of fast kinetics, high capacities and selectivity for 
target metal ions. The finite aqueous solubility of the extractant, solvents and modifiers 
is, however, a significant disadvantage (Ritcey and Ashbrook, 1979). It not only adds 
to the cost of the process through loss of reagents, but also contaminates the water with 
potentially toxic organics. There is also loss of the organics through evaporation and 
entrainment. In addition, solvent extraction is not recommended for diluted metal ion 
solution due to the large volumes of extractants needed (Beauvais and Alxandratos, 
1998). Solvent extraction may not be effective to inorganic species of heavy metal 
ions. 
 
Reverse osmosis: It is employed for the recovery of precious and common metals in 
the metal finishing industry. Reverse osmosis can show excellent performance in 
treating wastewaters containing a single metal or a mixture of metal ions. However, 
there are certain drawbacks which have limited its wide applications in industrial 
effluents. In particular, the process requires high pressures (up to 100 atmospheres) and 
is thus fairly costly in terms of energy. The delicacy of the membranes is also 
restrictive with regard to the solid content to be handled and the pH of the liquids to be 
treated. Nevertheless, the process has been used for the effluents from electroplating in 
the electronic components industry. With the continuous development of the process 
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and improved mechanical strength of membranes, the range of applications can be 
expected to increase (Harrison, 1990), especially if other removal methods can not 
effectively reduce the concentrations of heavy metals to the desired or required levels. 
 
Evaporation: This is one of the most common methods used in industry for the 
concentration of aqueous solutions. Nevertheless, the use of this process as a means for 
effluent treatment is rare and occurs only under special circumstances where the 
effluent contains a high concentration of static rinses from electroplating operations, 
particularly chromium plating. In this application the rinse liquor is evaporated to a 
metal concentration which makes the concentration suitable for direct re-use in the 
plating bath (Harrison, 1990). 
 
Electrodialysis: Electrodialysis separates an aqueous flow under the influence of an 
electric field into an enriched stream and a depleted stream. Among the applications of 
electrodialysis are the production of potable water from brackish waters, 
deminerization of cheese whey, treatment of acid mine drainage, desalting of cooling 
tower waters, and removal of metals from plating wastes (Nriagu, 1979). The cost of 
electrodialysis is very dependent on dissolved solids concentration. It does not find 
common use in effluent treatment but may be appropriate in certain circumstances 
where the concentrate is of value.  
 
Ion exchange: In recent years, ion exchange resins have been applied in heavy metal 
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ion adsorption. Ion exchange is one of the most effective techniques for removing 
heavy metals from wastewaters. The resins contain functional groups capable of 
complexing or ion exchanging with metal ions. The process is employed extensively 
for metal finishing bath purification, effluent polishing after primary treatment, and 
recovering precious metals. The resin is contacted with the contaminated solution, 
loaded with metal ions, and stripped with an appropriate elute (Beauvais and 
Alexandratos, 1998). Beker and co-workers (1999) synthesized ion exchange resin 
based on hydroxethyl cellulose and applied the ion exchange resin in Fe3+, Co2+, Cu2+, 
Zn2+ ions removal. However, ion exchange has problems in treating aqueous wastes 
containing mixtures of metal ions due to low selectivity of metal ions. Another 
disadvantage of ion exchange resins is the slow kinetics, as compared to solvent 
extraction, although increasing the porosity of the resin or decreasing the size of the 
beads can improve the kinetics. In addition, although heavy metal ions can be removed 
effectively, in many cases, from wastewaters by means of ion exchange, most ion 
exchange resins are too expensive to be discarded once they have been loaded with 
heavy metals. The resins must therefore be regenerated and regeneration again yields a 
solution of heavy metals which is hard to be disposed of. Regeneration with very 
concentrated acids or bases has been recommended to reduce the volume of the 
regeneration liquid that must be disposed of, but the concentration technique is not 
effective for recovery of ion exchanger. Most important of all, synthetic resins have a 
poor contact with aqueous solutions and their modification and/or pretreatment by 
activation solvents are necessary for enhanced water wettablility. In consideration of 
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the problems mentioned above, ion exchange is not an option for heavy metal ion 
removal in our study. 
 
Adsorption: In addition to other conventional methods, adsorption is another effective 
and widely used method to remove heavy metal ions. Adsorption technology has good 
potential to treat waster and industrial residues because it is cost-effective, easy for 
application and efficient in various kinds of heavy metal removal. Various adsorption 
materials have been studied, such as activated carbons, clays, polymeric synthetic 
resins, metal oxides, and some natural materials. Among them, activated carbon is one 
of the oldest and most commonly used adsorbents. Adsorption by activated carbon is 
an established treatment method for organic contaminants but has been rarely used in 
an actual treatment setting for inorganic adsorbates, despite the fact that the ability of 
activated carbons to remove heavy metal ions has been established by numerous 
researchers. For example, adsorption with activated carbon has been reported for Cu2+, 
Cd2+, Zn2+, Pb2+, Hg2+, Co2+, Mn2+, Ca2+, Ni2+, Cr3+ (Dastgheib and Rockstraw, 2002). 
However activated carbon has some disadvantages in heavy metals removal. Firstly, 
the adsorption capacity and kinetics for many metals, such as Mn2+, Pb2+, Co2+, Zn2+ 
ions are rather poor. Secondly, activated carbon is expensive (activated carbon 
adsorbents are sold at market price about US$20-22/kg, and the higher the quality, the 
greater the cost). Thirdly, the regeneration of activated carbon is another challenge, 
which usually requires thermal chemical process that is expensive, and causes loss of 
the adsorbent. Hence, the search for alternative and more effective adsorbents has 
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attracted great interests in heavy metal removal.   
 
2.3 Bioadsorption 
As a subbranch of adsorption, biosorption aims to use cheaper materials of biological 
origins as adsorbents and has developed rapidly in the last one or two decades. 
Biosorption, a passive non-metabolically mediated process, removes metals or 
metalloid species, compounds and particulates from solution, by materials of living or 
dead biomass (Gadd, 2001) and has served as an important means for purifying 
industrial wastewaters containing toxic heavy metal ions. Bioadsorption has the 
following advantages (Volesky, 2003): 
¾ Using cheap raw materials (usually naturally abundant or a waste from other 
industries), bioadsorption allows significant cost savings in comparison with 
existing competing technology, i.e. ion exchange, its close rival. 
¾ Biosorption is more effective than its closest rival, ion exchange in performance, 
due to its low sensitivity to environmental and impurity factors. 
¾ Additional value may come from the possible recovery of heavy metals as the 
sorbed metal ions can be easily desorbed.  
 
In the last two decades, many natural materials, such as seaweed, alginate, dead 
biomass, rice hulls, chitin and chitosan, have been studied because of their capability 
to adsorb heavy metals and their low-cost (Yun et al., 2001; Romero-Gonzalez et al., 
2001; Klimmek and Stan, 2001; Evans et al., 2002; Jodra and Mijangos, 2003; Boddu 
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Seaweed is abundant in many coastal countries. Volesky and Prasetyo (1994) used the 
brown marine algae in sorption columns to remove Cd. The maximum adsorption 
capacity for the seaweed was shown to be approximately 67 mg Cd/g seaweed. In an 
experiment by Wilson and Edyvean (1994), the brown seaweed was reported to 
outperform other biological materials such as fungi, green seaweed and unicellular 
green alga for Cd and Hg removal. Leusch et al. (1995) also investigated the 
modifications of seaweeds for uptake of Cd, Cu, Ni, Pb and Zn. Although seaweed has 
been demonstrated to have relatively high adsorption capacities, Holan et al. (1993) 
noted that the biomass has a tendency to disintegrate and swell, which precludes its 




Alginate is glycuronans extracted from certain brown seaweeds, such as Fucus 
vesiculosus or Ascophyllum nodosum. It can also be produced by certain 
microorganisms such as Pseudomonas aeruginosa (Bailey et al., 1999). Jang et al. 
(1995) demonstrated the theoretical maximum binding capacity of sodium alginate to 
be 138.3 mg Cu/g, and showed an experimentally determined capacity of 107 mg Cu/g. 
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Alginate was found to be an effective bioadsorbent for Cd2+ (Volesky and Prasetyo, 
1994). In a later research, Nestle and Kimmich (1996) showed that alginate was able to 
remove not only heavy metal ions but also light metal ions such as Ca2+ and Mg2+ from 
water. The adsorption process of alginate for heavy metal removal can be regarded as 
ion exchange. When heavy metal ions in a solution was adsorbed by alginate, the light 
metals (Ca2+, Mg2+, Na+, and K+) or H+ on alginate will simultaneously be released 
into the solution, which may not be favorable for some high standard treatment 
requirement.   
 
2.3.3 Dead biomass and rice hulls 
Matis and Zouboulis (1994) demonstrated the sorption of heavy metal ions such as 
Cd2+ by dead biomass. Dead cells accumulate heavy metals to an equal or greater 
extent than living cells. The use of dead rather than live biomass eliminates the 
problems of waste toxicity and nutriment requirements. Niu et al. (1993) reported the 
uptake of 116 mg Pb/g dead Penicillium chrysogenum biomass. The removal of 
chromium and copper ions from aqueous solutions with shea butter seed husks was 
also reported (Eromosele et al., 1996). Dronnet et al. studied sugar beet pulp to adsorb 
divalent metal cations such as Ca2+, Cd2+, Cu2+, Ni2+, Pb2+ and Zn2+ from waste water 
(Dronnet et al., 1997). Roy et al. (1993) investigated heavy metal removal with the 
dead biomasses of green algae, Chlorella minutissima and rice hulls. Rice hulls, a 
by-product from the commercial harvesting of rice, having a structure similar to that of 
the green algae, was shown to possess adsorption capacities twice the capacity of algae 
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for Cd adsorption. Although dead biomass and rice hulls are effective in the removal of 
Pb(II) or Cr(VI) ions, the adsorption capacity for other metal ions such as Cd2+, Cu2+, 
Ni2+, and Zn2+ is relatively low. In addition, the desorption efficiency and reusability is 
not good.  
 
2.3.4 Chitin and chitosan 
Among the various natural materials, chitin is the second most abundant natural 
biopolymers next to cellulose. It is found in the shells of crustaceans, such as crab, 
shrimp and lobster, as well as in the exoskeleton of marine zooplankton, including 
coral and jellyfish. Insects, such as butterflies and ladybugs, also have chitin in their 




Figure 2.1 Structures of cellulose, chitin and chitosan. 
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As shown in Figure 2.1, chitin can be considered as a cellulose derivative. The 
difference between cellulose and chitin is that the 2-hydroxy group of the cellulose has 
been replaced with an acetamide group, resulted in several Beta- (1 → 
4)-2-acetamido-2-deoxy-D- glucopyrnaose structural units (GlcNAc) (Khor, 2001). 
Chitosan is produced by alkaline N-deacetylation of chitin. The difference between 
chitin and chitosan in reality usually lies in the degree of deacetylation. Normally, it is 
regarded as chitosan when the degree of deacetylation is more than 70% (Li et al., 
1992). Onsoyen and Skaugrud (1990) estimated that more than 60,000 tons of chitin is 
available from the fisheries of crustaceans annually. It has been reported that chitosan 
could be produced from fish and crustaceans at a market price of US$15.43/kg (Babel 
and Kurniawan, 2003).  
 
2.3.4.1 Physical and chemical properties of chitosan 
The principal parameters that can be used for the characterization of chitosan are the 
fraction of deacetylation, the polymer molecular weight and the crystallinity (Roberts, 
1992). These parameters significantly influence the physico-chemcial properties of 
chitosan. The fraction of deacetylation for commercial chitosan products is usually 
lower than 95%. Higher deacetylation degree may be achieved at the expense of 
supplementary deacetylation steps, which contributes to partial depolymerization, and 
high costs when appropriate and sophisticated processes are employed for the higher 
degree deacetylation. The deacetylation degree controls the fraction of free amine 
groups that will be available for interactions with metal ions (Gonzalez-Davila et al., 
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1990). Indeed, the nitrogen atoms hold free electron doublets that can react with metal 
cations. Amine groups are thus responsible for the uptake of metal cations through a 
chelation mechanism. However, the amine groups are easily protonated in acidic 
solutions. Hence, the protonation of these amine groups may cause electrostatic 
repulsion to cation metal ions or attraction to anionic compounds, including metal 
anions or anionic dyes (Gibbs et al., 2003).  
 
In fact, rather than the fraction or number of free amine groups available for metal 
uptake, it is the number of accessible free amine groups that play the important role. 
Indeed, the total number of free amine groups may not necessarily be accessible to 
metal uptake. Some of these amine sites can also be involved in hydrogen bonds (intra- 
or intermolecular bonds). In addition, the residual crystallinity of the polymer may 
control the accessibility of the sorption sites. A convenient process for decreasing the 
polymer crystallinity is to dissolve chitosan in an acid solution, and then coagulate it 
for the preparation of gel beads (Guibal et al., 1998; Rorrer et al., 1993), or freeze-dry 
it for product of the powder (Piron et al., 1997). 
 
The molecular weight of native chitin is usually larger than one million but that of 
commercial chitosan products usually fall in the range of 100,000 and 1,200,000. 
During the manufacturing process, the harsh treatment conditions can lead to the 
degradation of chitosan product (Muzzarelli, 1973). The weight-average molecular 
weight (Mw) of chitin and chitosan can be determined by the light scattering method 
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(Muzzarelli et al., 1987). It has been found that Mw of chitin is at 1.03×106 to 2.5×106, 




The solubility of chitosan is also an important parameter and may be affected by the 
polymer weight, the type and concentration of the acid used. Generally, chitosan is 
insoluble in water, alkali, and organic solvents but is soluble in most solutions of 
organic acids when the pH of the solution is less than 4, due to the protonation of the 
nitrogen atoms in the amino groups of chitosan. Acetic and formic acids are two of the 
most widely used acids for dissolving chitosan. Some diluted inorganic acids, such as 
nitric acid, hydrochloric acid, perchloric acid, and phosphoric acid, can also be used to 
prepare a chitosan solution but only after prolonged stirring and warming (Roberts, 
1992). 
 
2.3.4.2 Application of chitosan in water treatment 
In the past few decades, due to the unique properties, chitosan has been widely studied 
for various applications in photography, cosmetics, food and nutrition, ophthalmology, 
artificial skin, paper finishing, solid-state batteries, drug delivery systems, and 
biotechnology (Ravi Kumar, 2000).  
 
Table 2.1 summarizes some of the major applications of chitosan. In water treatment, 
chitosan is used to remove heavy metal ions, as coagulant to remove colloidal particles 
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and as filtration aid to enhance filter performance. Extensive studies have been 
conducted on the removal of heavy metals using chitosan, chitosan derivatives or 
modified chitosan.  
 
Table 2.1 Major applications of chitosan 
 
Applications Functions of Chitosan 
Water Treatment 
• Removal of Metal Ions 
• Flocculant / Coagulant 
• Filtration 
Medical 
• Controlled Release of Drugs 
• Blood Cholesterol Control 
• Wound Healing 
Biotechnology 
• Enzyme Immobilization 
• Protein Separation 
• Cell Recovery 
Food 
• Preservatives 
• Removal of Dyes, Solids and Acids 
• Animal Feed Additive 
Membrane 
• Reverse Osmosis 
• Solvent Separation 
Cosmetics 
• Toothpaste 





Chitosan was first discovered by Touget when boiling chitin in hydroxide solution in 
1859. However, the first report of using chitosan in heavy metal adsorption was found 
in 1973 (Muzzarelli, 1973). Muzzarelli reported that the primary amine groups and 
hydroxyl groups on the surface of chitosan were able to form strong chelating complex 
with many kinds of metal ions, and the applications of chitosan in the removal of Cu2+, 
Pb2+ and Cr3+ ions from industrial wastewater. Chitosan was compared with bark, 
activated sludge, poly (p-aminostyrene) and other materials by Masri et al. (1974). The 
results showed that chitosan possessed good binding capacity, greater than 1 mmol 
metal/g for many metals (except for Cr). Chitosan was also shown to have greater 
adsorption capacities for metal ions than polyaminostyrene, the constituent of 
expensive ion exchange resins. Kurita et al. (1979) noted that the adsorption capacity 
of chitosan varies with its crystallinity, affinity for water, percent deacetylation and the 
amino group content. The utilization of chitosan for cadmium removal was 
investigated by Jha et al. (1988). It was demonstrated that an adsorption capacity of 
5.93 mg of Cd2+/g of chitosan was achieved at a pH range of 4.0-8.3. The adsorption 
capacity of chitosan in this study was much lower than the adsorption capacity 
achieved by the previous study conducted by Masri et al. (1974). This could be 
attributed to the presence of ethylene diamine tetra acetic acid (EDTA) in the study of 
Jha et al. (1988). The presence of EDTA in the solution significantly decreased the 
removal of cadmium by chitosan because EDTA, a stronger chelating agent than 
chitosan, suppressed the metal uptake capacity of chitosan.  
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Traditionally, chitosan has been used in the form of flakes or powder in metal 
adsorption. Maruca et al. (1982) used chitosan flakes (0.4-4mm) to adsorb Cr3+ ions. 
Chitosan flakes with a size range of 100-10 mesh were also employed in silver ion 
adsorption (Lasko and Hurst, 1999). The adsorption of copper on chitosan flakes with 
a size range of 100-200 mesh was studied and it was found that 1g chitosan flakes 
could adsorb 4.7 mg of Cu2+ at pH of 6.2 (Wan Ngah and Isa, 1998). This result is 
significantly different from that obtained by Masri et al. (1974) mentioned earlier. The 
difference in the adsorption uptakes could be caused by many factors including the 
initial concentration. In the study of Wan Ngah and Isa, the initial copper concentration 
was 100 ppm, but in Masri’s study the initial concentration was 200-400 mmol/L. An 
advantage of using chitosan as the adsorbent is in its ability to adsorb heavy metal ions 
at trace concentration levels. Jha and co-worker (1988) used chitosan powder of 
various particle sizes and achieved 98% Cd2+ removal at low initial concentrations of 
1-10ppm. Although the flake or powder form of chitosan has demonstrated capability 
of removing heavy metal ions, the flake or powder form has low specific surface area 
and is difficult for regeneration and reuse. The flake or powder form of chitosan was 
also found to cause high pressure drop in an industrial scale column application 
(Varma et al., 2004). One of the solutions to these problems can be to prepare chitosan 
beads with high porosities and large specific surface areas, together with effective 
crosslinking to make the beads insoluble in acidic media. 
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Progress has been made to produce chitosan hydrogel beads to improve the adsorption 
capacity of chitosan by reducing its crystallinity through the gel formation process. 
The bead form also provides the potential for regeneration and reuse of the chitosan 
adsorbent after metal adsorption. Nair and Madhavan (1984) applied chitosan hydrogel 
beads in the removal of Hg2+ and found that chitosan had stronger affinity to mercury 
ions than to other heavy metal ions and the efficiency of adsorption depended on the 
reaction time, the bead sizes, initial concentration of Hg (II) and quantity of chitosan. 
Hsien and Rorrer (1995) studied chitosan hydrogel beads for regeneration after metal 
adsorption and reuse in subsequent adsorption operations. The hydrogel beads showed 
poor mechanical strength in the batch adsorption experiment. However, there have 
been only very few studies that focused on improving the mechanical strength of 
chitosan beads. Zhang and Bai (2003) immobilized chitosan onto the surface of PET 
and Nylon granules to enhance the mechanical property. The chitosan coated granules 
were mechanically strong but the adsorption capacity was not high due to the relatively 
low amount of chitosan coated on the surface and the large sizes of the granules. Jin 
and Bai (2002) reported the preparation of chitosan/PVA beads and their application in 
Pb removal. The blending of PVA with chitosan improved the density of the beads.  
 
Research from several groups in heavy metal ion removal with chitosan may need to 
be mentioned. McKay group (1989) studied the adsorption of Cu2+, Hg2+, Ni2+, and 
Zn2+ ions at a temperature range of 25-60oC at neutral pH. The adsorption uptakes of 
metal ions were found to increase with the increase of adsorption temperature. Rorrer 
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et al. (1993) reported the synthesis of porous-magnetic chitosan beads and their 
application in the removal of cadmium ions from waste water. The maximum 
adsorption capacity of the porous-magnetic chitosan beads for cadmium reached 
518mg/g, which is comparable to the commercialized chelating resin. Although the 
adsorption capacity was partially attributed to the magnetic property of the beads, the 
highly porous structure and the high specific surface area (150 m2/g) also played an 
important role in the improvement of the adsorption capacity. In the last ten years or so, 
Guibal and co-workers (2000) have investigated the adsorption capacities of chitosan 
for heavy metal ions and valuable metal ions, including arsenic, molybdenum, 
vanadium, platinum, palladium and gold. Their study indicated that chitosan did not 
show good selectivity for different heavy metal ions. More recently, Jin and Bai (2002) 
reported that chitosan was effective in lead adsorption and the adsorption capacity was 
highly dependent on the pH of the solution. Jin and Bai’s study is also one of the few 
researches focused on the adsorption mechanism of metal ions on chitosan and 
chitosan-metal interactions.  
 
Modifications of chitosan beads have been conducted in recent years to improve the 
material properties. Chemical modifications of chitosan have commonly been practised 
to achieve two objectives: (a) preventing the dissolution of chitosan beads when metal 
sorption is performed in acidic solutions (or when metal desorption occurs in acidic 
media), or (b) improving metal sorption properties (increase of sorption capacities, 
sorption rates or enhancement of sorption selectivity).  
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 Chemical crosslinking of chitosan with crosslinking agents, such as ethylene glycol 
diglycidyl ether (EGDE), glutaricdialdehyde (GA), epichlorhydrine (ECH), and 
tri-polyphosphate (TPP) has been studied by several research groups (Hsien and Rorrer, 
1997; Schmuhl et al., 2001; Wan Ngah et al., 2002; Guzmán et al., 2002). In the early 
study, Kurita et al. (1979) noted that the dependence of adsorption capacity of chitosan 
on the crystallinity, affinity for water, percent deacetylation and amino group content. 
In their later study, Kurita et al. (1986) have suggested that loose crosslinking the 
polymer with glutaraldehyde was necessary to ensure stability of the polymer even 
though the adsorption capacity was somewhat reduced. Ruiz et al. (2000) used GA to 
crosslink chitosan beads as chelating resins for removing palladium from dilute 
solutions. Sorption kinetics was found to be controlled by particle size, crosslinking 
ratio, and palladium concentration. The adsorption of heavy metals with crosslinked 
chitosan beads was also investigated by Juang and Shao (2002). They showed that the 
adsorption capacity depended on the nature of the crosslinking agent. In addition, 
tri-polyphosphate has also been used as a cross-linking agent for the preparation of 
chitosan gel beads due to its coagulation or neutralization effect (Mi et al., 1999). Wan 
Ngah et al. (2002) crosslinked chitosan beads with GA, ECH, and EGDE and applied 
the crosslinked beads in copper ions removal. The uptakes on chitosan, chitosan-GA, 
chitosan-ECH, and chitosan-EGDE beads were found to be 80.71, 59.6, 62.4, and 45.9 
mg Cu2+/g beads, respectively, at pH 6 and the metal adsorption performance was 
 36
highly pH-dependent. It was found that the adsorption capacity was greatly decreased 
after crosslinking with the three types of commonly used crosslinking agents. 
 
The crosslinking step can cause a significant decrease in metal uptake efficiency and 
sorption capacities, especially in the case of chemical reactions involving the amine 
groups. For example, the crosslinking of chitosan with GA leads to the formation of 
the imine structure, which decreases the number of the amine groups that are the 
effective functional groups for adsorption of metal ions through the chelating 
mechanism (Hsien and Rorrer, 1997). Therefore, an important research area would be 
to improve the adsorption capacity of cross-linked chitosan beads. This can be 
achieved by two approaches. First approach is through surface modification such as 
surface-grafting of other functional materials. The other approach can be the 
preservation of amine groups during the crosslinking reaction. Although some research 
has been conducted on the surface grafting of functional groups on chitosan as 
reviewed below, the preservation of amine groups during the crosslinking reaction has 
rarely been reported.  
 
There are several reasons for grafting new functional groups: (1) to increase the 
density of sorption sites, (2) to change or expand the optimum pH range for metal 
sorption, and (3) to alter the sorption sites and/or the uptake mechanism in order to 
increase sorption selectivity for targeted metal ions.  
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In the case of chitosan hydrogel beads, the high water content of the beads leads to 
poor volumetric density of the sorption sites. Surface grafting of various kinds of 
functional groups have therefore been studied by several groups to increase the density 
of the sorption sites. Inoue and his group (1995) have grafted ethylene diamine tetra 
acetic acid (EDTA), diethylenetriaminepentaacetic acid (DTPA), imino diacetic acid 
(IDA) functions to introduce more carboxylic and amine groups on chitosan beads. 
The reactions were relatively complex and it appears that the prospect of these 
derivatives would be limited to the sorption of precious metals. A Schiff’s base 
reaction was used by Baba and Hirakawa (1992) for the grafting of methylpyridine on 
chitosan to prepare a sorbent for precious metal recovery. Rodrigues et al. (1998) used 
the same method to prepare the adsorbent for copper uptake. Two chitosan derivatives 
were prepared, namely 2PMC and 4PMC. After grafting, the N% increased from 
7.35% for chitosan to 9.25% and 9.08% for 2PMC and 4PMC. Copper adsorption 
experiments showed that the adsorption capacity increased with the increase of N%. 
The highest value of copper (II) adsorption was determined from the non-linear 
regression method, and found to be about 1.63 mmol/g for the 2PMC and 0.71 mmol/g 
for the 4PMC. Kang et al. (1999) prepared amidoximated composites of chitosan and 
poly(acrylonotrile) for the recovery of metal cations. The adsorption capacity of the 
chitosan-g-PAN copolymer with increasing of pH values was increased from 0.35 to 
0.42 for Cu and from 0.17 to 0.35 (mmol/g) for Pb, but decreased from 0.28 to 0.24 for 
Zn and from 0.18 to 0.16 (mmol/g) for Cd with increasing PAN grafting% from 0 to 
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170%. However, the adsorption capacity of the modified chitosan was not compared 
with the crosslinked chitosan.  
 
Phosphorous and sulfur derivatives of chitosan have also been studied by several 
researchers. Nashi et al. (1986) grafted phosphate on chitosan by reaction of 
phosphorus pentoxide or phosphorus oxychloride in a suitable solvent. Romos et al. 
(2003) also synthesized chitosan derivative by grafting phosphoric acid through 
Mannich reaction. Despite the demonstrated interesting sorption properties of 
phosphorylated derivatives of chitosan, their use for metal ion sorption appears to be 
limited due to their solubility in water and their affinity for alkaline and alkaline-earth 
metals. The solubility problem requires the use of ultra-filtration process for the 
recovery of loaded complexes, or the crosslinking of the soluble product at the expense 
of a possible loss of sorption capacity. The affinity for alkaline and alkaline-earth 
metals can lead to a competition for the recovery of heavy metals in industrial effluents. 
Becker et al. (2000) prepared a sulfur derivative by a two step procedure, consisting of 
pre-reaction of chitosan with glutaraldehyde (and reduction by sodium 
cyanoborohydride) followed by reaction with a mixture of formaldehyde and 
thioglycolic acid. These sulfur derivatives have been used for the recovery of mercury 
and the recovery of precious metals, attributed to the chelating affinity of sulfur 
compounds to the metal ions. The sulfonic groups were grafted on the chitosan surface 
and the modified chitosan adsorbents were used in the acidic medium for metal ion 
removal (Weltrowski et al., 1996). It was found that the uptake of Cr3+ was 3.8 times 
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greater for the sulfonate grafted chitosan than the non-grafted chitosan at pH 2. The 
sorption efficiency for disulfonate compounds was better than for monosulfonate 
compounds. However, the adsorption capacity and other adsorption data were not 
reported in the literature.  
 
It is clear that a lot of studies have been done on the modification of chitosan for 
improving adsorption capacity, but little work has been done specifically on modifying 
chitosan for improving the mechanical strength, preserving the amine groups of 
chitosan during crosslinking for enhanced adsorption properties, improving or 
expanding the applicable pH range for better metal sorption and increasing or 
achieving sorption selectivity for target metal ions. Therefore, the efforts have been 
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As mentioned in Section 2.1 that heavy metal contamination of various water 
resources is of great concern because of the toxic effect to the human beings and other 
animals and plants in the environment at even very low concentrations. Copper for 
example, are highly toxic to flora, fauna and human beings and are listed as priority 
pollutants by the U.S. Environmental Protection Agency (Kiefer and Höll, 2001). 
Since heavy metal ions are not biodegradable, they are usually removed physically or 
chemically from the contaminated water. 
 
Various methods, including chemical precipitation, ion exchange, reverse osmosis, 
electrolysis and adsorption, have been used to remove heavy metal ions from water, 
wastewater and industrial effluents (Molinari et al., 2004). In recent years, biosorption 
using materials of biological origin as the adsorbents for heavy metal removal has 
attracted more and more interests, largely due to the unique properties of these 
biomaterials being environmentally benign, low cost, effective at low metal 
concentrations, and easy for reuse (Muzzarelli, 1973; Roberts, 1992). Among these 
biomaterials, chitosan, a derivative from N-deacetylation of chitin - a naturally 
abundant polysaccharide from crustacean and fungal biomass, has particularly 
attracted attention because of its capability to chemically or physically adsorb various 




Traditionally, chitosan has been used in the form of flakes or powder in metal 
adsorption. Because raw chitosan can be characterized as a crystallized polymer, metal 
ions could only be adsorbed onto the amorphous region of the crystals (Lee et al, 2001). 
The crystallinity affects the capacity of chitosan on metal ion adsorption. Progress has 
been made to produce chitosan hydrogel beads to improve the adsorption capacity of 
chitosan by reducing the crystallinity through the gel formation process (Yan and Bai, 
2005), and also provide the potential for regeneration and reuse of the hydrogel beads 
after metal adsorption (Milot et al, 1998; Piron and Domard, 1998). The major material 
limitation of the hydrogel beads is however in their poor acidic resistance and 
mechanical strength. Attempts have been made to improve the chemical stabilities of 
the hydrogel beads in acidic conditions by chemical crosslinking of the surface with 
crosslinking agents, such as glutaricdialdehyde (GA), ethylene glycol diglycidyl ether 
(EGDE), and epichlorhydrine (Wan Ngah, 2002). Chemical crosslinking reaction was 
found to be able to reduce the solubility of chitosan hydrogel beads in aqueous 
solutions of low pH values. On the other hand, polymer blending has increasingly been 
used as a method for providing polymeric materials with desirable properties. Jin and 
Bai (2002) studied lead adsorption with chitosan/PVA hydrogel beads and found that 
the blending of PVA (polyvinyl alcohol) in chitosan improved the mechanical strength 
of the hydrogel beads.  
 
In this part of work, we prepared chitosan-cellulose hydrogel beads and studied the 
physical and chemical properties of the hydrogel beads. The interest in using cellulose 
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as a blending polymer for chitosan arises from two facts: (a) cellulose is the most 
abundant natural biopolymer with relatively strong mechanical strength of up to 
1GN/m2 (10,000Mpa) (Katre, 1993), and (b) cellulose has similar chemical structures 
as chitosan, providing the possibility of producing a homogeneous blend that combine 
the unique properties of chitosan and the good availability of cellulose to make 
chitosan-cellulose hydrogel beads as an adsorbent for metal adsorption. The study 
included the synthesis of the chitosan-cellulose hydrogel beads, chemical crosslinking 
of the chitosan-cellulose hydrogel beads with EGDE, and the examination of the 
physical and chemical properties and also the adsorption performance and mechanisms 
with the hydrogel beads for copper removal. A series of batch adsorption experiments 
under various solution pH values and initial copper ion concentrations was conducted 
and various analyses, such as zeta potential measurements, Fourier transform infrared 











3.2 Materials and methods 
3.2.1 Materials and chemicals 
Chitosan flakes (85% deacetylated) and cellulose powder (20 µm) were purchased 
from Sigma Co. Ethylene Glycol Diglycidyl Ether (EGDE), copper (II) standard 
solution (1000 mg/L), and acetic acid was provided by Merck. All other chemicals 
were of reagent grade purity and deionized (DI) water was used to prepare all 
solutions. 
 
3.2.2 Preparation of chitosan-cellulose hydrogel beads 
Figure 3.1  The set-up of the granulation system. 
A 2 g amount of chitosan flakes was added into 100 mL 2 %( w/w) acetic acid 
(denoted as HAc) in a beaker and the contents in the beaker were mixed on a hot plate 
stirrer at 70 oC and 200 rpm for 6 h. Then, a 2 g amount of cellulose powder was added 
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into the chitosan solution and the mixing was continued for another 6 h at room 
temperature (22-23 oC) and 200 rpm on the stirrer. The blended solution was then 
injected in droplets into a 1 M NaOH solution to form hydrogel beads (denoted as 
2%chitosan-2%cellulose beads) through a vibration nozzle system (Nisco 
Encapsulation Unit, LIN-0018; see Figure 3.1). 
 
The chitosan-cellulose hydrogel beads were allowed to stay in the NaOH solution with 
slow stirring for another 12 h for hardening. The hardened beads were finally separated 
from the NaOH solution and were washed with DI water in a large beaker until the 
solution pH became the same as that of the fresh DI water. Then, the beads were stored 
in DI water for further use. 2%chitosan-4%cellulose beads and 2%chitoan beads were 
also prepared in the same way. 
 
Some experiments involved in the crosslinking of the chitosan-cellulose hydrogel 
beads with ethylene glycol diglycidyl ether (EGDE). To do that, the beads in stock 
were taken out from DI water and removed the attached surface water by placing them 
on a few pieces of filter papers for several min. Then, 25 mL of the chitosan-cellulose 
beads was suspended into 25 mL of DI water in a beaker, with the pH being adjusted to 
12 by the addition of 0.1 M NaOH solution. After 5 min, a 0.4 g amount of EGDE 
solution was added into the beaker and the crosslinking reaction was allowed to 
proceed at 70 oC for 6 h in a thermostatic water bath with continuous agitation. Finally, 
the mixture was cooled down to room temperature, and the crosslinked 
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chitosan-cellulose beads were washed in an ultrasonic bath with sufficient DI water 
until the pH of the solution became around 6-6.5 (the same as the fresh DI water). The 
beads were then stored in DI water for further use. The same crosslinking experiments 
were also conducted with 2%chitosan-4%cellulose and 2%chitosan beads. The mean 
diameter of the hydrogel beads were determined by measuring the diameters of a 
number of randomly selected hydrogel beads under microscope and the average value 
was used.  
 
3.2.3 Swelling, hydration rate, dissolution and mechanical property test  
The swelling studies of chitosan and cross-linked chitosan beads with different 
chitosan cellulose ratios were carried out in 2% (v/v) HAc, DI water and 0.1M sodium 
hydroxide solution at room temperature for a period of 24 hours. The percentage of 











where Ws is the weight of swollen beads (g) and Wd is the weight of dry beads (g). 
 
In the hydration tests, a certain amount of each type of the hydrogel beads stored in DI 
water was taken out from the stock and removed the surface water by placing them on 
two pieces of filter papers for about 3 min. The beads were then weighed using a beam 
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balance to obtain their initial weights. The weighed beads were subsequently placed 
into a vacuum desiccator (at about 1 mTorr) at room temperature (22-23 oC) for 3 days 
for drying. The weights of the dried beads were weighed again using the same beam 











where Hr is the hydration rate, Wh is the weight of the hydrated beads weighed before 
the drying, and Wd is the weight of dehydrated beads after the drying in the vacuum 
desiccator. The hydration rate is used to indicate the mass and water contents in the 
hydrogel beads and a smaller hydration rate can be an indication of the hydrogel beads 
to be mechanically stronger.  
 
The chitosan-cellulose hydrogel beads and the crosslinked chitosan-cellulose hydrogel 
beads with different chitosan cellulose ratios were also tested for the dissolution 
property. The various types of hydrogel beads were placed in 0.1 M acetic acid (HAc), 
0.1 M HCl, 0.1 M H2SO4, DI water, or 0.1 M sodium hydroxide solution, respectively, 
to observe their solubility. A 0.1 g amount of the each type of the hydrogel beads was 
weighted and added into 50 mL of the different types of solutions for a period of 24 h 
(with stirring) and the weights of the beads remained after the test in each solution 
were determined. The differences in the weights before and after the solubility tests 
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give information on the dissolution extents of the beads in the solutions.  
 
To examine the dynamic dissolution properties, crosslinked or non-crosslinked 
chitosan-cellulose beads with different chitosan/cellulose ratios were tested. A number 
of hydrogel beads with average diameters of about 3 mm were added into several 
beakers, each with a small measuring tape pasted on the bottom. The solution pH of 
each beaker was adjusted by hydrochloric acid to pH 0, 1, 2, 3 or 4, respectively. The 
diameters of the crosslinked and non-crosslinked hydrogel beads were measured 
versus the dissolution time. 
 
The mechanical properties of the 2%chitosan beads and 2%chitosan-2%cellulose 
beads with and without crosslinking were evaluated through the measurement of 
maximum load at break. Tests were conducted with the Instron 5542 Material Testing 
Instrument at a temperature of 25◦C and a relative humidity of 60%. Values of 
breaking force and compression at break were then recorded. For reliability, five 
readings were taken for each sample, and the average value was used. 
 
3.2.4 Zeta potential measurement 
Zeta potentials are often used as an important parameter in analyzing the electrostatic 
surface interaction in adsorption. To estimate the zeta potentials of the 
chitosan-cellulose hydrogel beads, about a 0.1 g amount of the dried chitosan-cellulose 
hydrogel beads (crosslinked or non-crosslinked) was ground into powder and 
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suspended into 100 mL of DI water. The mixture was sonicated first for 4 h, followed 
by stirring for another 24 h, and then settled for 12 h. Samples were taken from the 
supernatants (which had colloidal fragments from the chitosan-cellulose beads in it) 
and were used for zeta potential analysis. Before the analysis, each sample was 
distributed into several vials. The pH values of the sample in each of the vials were 
adjusted with 0.1 M HCl or 0.1 M NaOH solution to a desired level. A Zeta-Plus4 
instrument (Brookhaven Corp., USA) was used to measure the zeta potentials of all the 
samples. Zeta potentials so determined from the fragments in the samples were 
assumed to represent the zeta potentials of the chitosan-cellulose hydrogel beads in 
solutions of the same pH values (Bai and Tien, 1999).  
 
3.2.5 Adsorption experiments 
3.2.5.1 Copper adsorption at different solution pH 
To study the effect of solution pH on copper adsorption on chitosan-cellulose hydrogel 
beads, copper solutions with an initial concentration of 30 mg/L were prepared by 
diluting the 1000 mg/L standard copper solution with DI water, and, then, the pH 
values of the solutions were adjusted to a value in the range of 4 to 10, respectively, 
with 0.1 M NaOH or 0.1 M HCl. A certain amount of chitosan-cellulose beads was 
taken out from the stock and removed the surface water by placing them on a filter 
paper for a few min. Then, about a 0.5 g (wet weight) amount of the chitosan-cellulose 
beads was weighed and added, respectively, into a number of 25 mL plastic bottles, 
each of them contained 10 mL of the copper solutions of different solution pH values 
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mentioned above. The contents in the bottles were stirred in an orbital shaker at 200 
rpm and room temperature (22-23 oC) for adsorption to proceed. The pH of the 
solutions in each flask was not controlled during the adsorption process (in order not to 
introduce any additional ions into the solution). After 48 h, samples were taken from 
the bottles for the determination of the final copper concentrations in the solutions. 
Copper concentrations in the samples were analyzed using an Inductively Coupled 
Plasma-Optical Emission Spectrometer (ICP-OES, Perkin Elmer Optima 3000DV). 
Both crosslinked and non-crosslinked chitosan-cellulose beads were studied. The 








where C0  (mg/L) and Ce (mg/L) are the initial and final copper concentrations of the 
solution in each bottle, respectively, V (L) is the volume of the copper solution in each 
bottle, and m (g) is the dry weight (Dry weight = Wet weight × (1-Hr) ) of the 
chitosan-cellulose hydrogel beads added into each bottle.  
 
3.2.5.2 Adsorption equilibrium study 
The experiments were conducted with solutions of copper concentrations ranging from 
5 to 100 mg/L but of the same initial solution pH value of 6. About a 0.1 g (wet weight) 
amount of the chitosan-cellulose beads was added, respectively, into 5 mL of each type 
of the solutions with different initial copper concentrations in a number of 25 mL 
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plastic bottles. The mixtures in the bottles were stirred on an orbital shaker operated at 
200 rpm and room temperature until the equilibrium was obtained (The pH of the 
solutions was again not adjusted during the adsorption process). The initial and final 
copper concentrations in the solutions in each of the bottles were determined using an 
ICP-OES. Similar experiments were carried out for both the chitosan-cellulose 
hydrogel beads and the crosslinked chitosan-cellulose hydrogel beads. The adsorption 
capacities were also calculated using Eq. (3.3). 
 
3.2.5.3 Kinetic adsorption experiments  
Kinetic study used a solution of an initial pH 6 and an initial copper ion concentration of 
15 mg/L. A 12.5 g (wet weight) amount of the chitosan-cellulose hydrogel beads 
(non-crosslinked or crosslinked) was added into 500 mL of the copper solution in a 
one-liter flask. The mixture in the flask was shaken on an orbit shaker operated at 200 
rpm and room temperature for a period of up to 24 h or until adsorption equilibrium was 
established. The histories of copper ion concentration in the solutions were determined 
by taking and analyzing solution samples periodically. The adsorbed amounts of copper 
ions per unit weight of the hydrogel beads at time ti, q(ti) (mg/g), was calculated from the 














 where (= C0) and (mg/L) are the initial copper concentration and the copper 
concentrations at time ti, respectively;  (L) is the volume of the solution at time ti 
(Samples taken for copper concentration analysis were not returned to the flask), and m 
(g) is the dry weight (Dry weight = Wet weight × (1-Hr)) of the hydrogel beads added 








3.2.6 Surface morphology observation with SEM 
The chitosan-cellulose and the crosslinked chitosan-cellulose hydrogel beads were put 
into a desiccator at 10 mTorr vacuum and room temperature for 72 h to remove excess 
moisture. The surface morphology was observed using a JEOL scanning electron 
microscope (JSM-5600LV) with a high resolution of 3.5 nm under high vacuum. 
Samples were platinum-coated by a vacuum electric sputter coater (JEOLJFC-1300) to 
a thickness of at least 500 angstroms before glue-mounted onto the sample stud for the 
SEM scan.  
 
3.2.7 Fourier tranform infrared (FTIR) spectroscopy 
The dried chtiosan-cellulose and crosslinked chitosan-cellulose hydrogel beads with or 
without copper adsorption were ground into powder, respectively. For each type of the 
powder, a 1 mg amount of the powder was blended with a 100 mg amount of IR-grade 
KBr in an agate mortar and pressed into a tablet. FTIR spectra were obtained for the 
tablet from a FTS3500 FTIR Spectrometer. 
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3.2.8 X-ray photoelectron spectroscopy (XPS) 
XPS analyses of the chitosan-cellulose and the crosslinked chitosan-cellulose hydrogel 
beads before and after copper adsorption were made on a VGESCALAB MKII 
spectrometer with an Al Kα X-Ray source (1486.6 eV of photons), following a similar 
procedure described by Bai and Zhang (2001). The XPS spectra peaks were 
decomposed into subcomponents by fixing the 0% Lorentzian-Gaussian Curve-fitting 
program with a linear background to the spectra through an XPSpeak 4.1 software 
package. The full width half maximum was maintained at 1.4. The calibration of the 
binding energy (BE) of the spectra was performed with the C 1s peak of the aliphatic 














3.3 Results and discussion 
3.3.1 Surface morphology  
Macroscopically, the prepared chitosan-cellulose hydrogel beads were elastic and 
reasonably good in spherical shape as shown in Figure 3.2. Both the chitosan-cellulose 
and the crosslinked chitosan-cellulose hydrogel beads had a milk-white color with a 
mean diameter of about 3.1 mm determined by measuring the diameters of 20 
randomly selected hydrogel beads under microscope.  
 
 
Figure 3.2 Chitosan-cellulose hydrogel beads. 
 
The SEM images of the chitosan-cellulose beads with different ratio are shown in 
Figure 3.3.  
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 It is observed that the addition of cellulose into chitosan made the surface of the 
chitosan-cellulose hydrogel beads much denser than that of the chitosan hydrogel 
beads, and the crosslinking reaction with EGDE also made the surface of the 
chitosan-cellulose hydrogel beads very porous.  
 
It has been reported that the crosslinking agent EGDE was prone to react with amine 
groups instead of hydroxyl groups (Jansson-Charrier et al., 1996). Therefore, the 
porous structure of the crosslinked chitosan-cellulose hydrogel beads may be formed 
due to the bridging connection of EGDE between different amine groups in chitosan 












Figure 3.3 SEM images of (a) 2%chitosan beads, (b) 2%chitosan-1%cellulose beads, 
(c) 2%chitosan-2%cellulose beads, (d) 2%chitosan-4%cellulose beads, and (e) 
crosslinked 2%chitosan-2%cellulose bead. 
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 3.3.2 Swelling, hydration, solubility and mechanical properties  
Swelling property is one of the important characterizations of the material. The 
percentage of swelling of chitosan-cellulose beads with different chitosan-cellulose 
ratios is shown in Table 3.1.  
 
Table 3.1 Swelling property of chitosan-cellulose beads 




















2%chitosan 15.6 24.3 55.8 32.3 91.6 183.6 33.0 N/A N/A 
Crosslinked 
2%chitosan 26.2 36.9 40.8 20.6 48.4 135.0 28.0 149.6 434.3 
2%chitosan-2




100.5 177.8 77.6 100.8 195.2 93.7 100.2 679.3 577.9 
2%chitosan-4




67.3 85.4 71.5 62.7 88.1 40.5 66.2 140.8 112.7 
 
It was observed that the swelling percentage of chitosan-cellulose beads generally 
decreased with the increase of the addition ratio of cellulose under the conditions of 
acidic, neutral, and basic solutions. In addition, the swelling percentage also decreased 
after cross-linking. As shown in Table 3.1, the non-crosslinked chitosan-cellulose 
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beads were dissolved in the acidic solutions. Hence, the cross-linking treatment should 
be necessary to reinforce the chemical stability of the beads in such acidic solution. 
Meanwhile, the less swelling behavior of crosslinked chitosan bead is important for 
their possible applications in adsorption column.  
 
It has been found that the addition of cellulose in chitosan enhanced the mechanical 
strength of the hydrogel beads. This may be partly supported by the SEM images in 
Figure 3.3 where the chitosan-cellulose beads were found to be much denser than the 
chitosan beads. From the results of hydration rate study given in Table 3.2, the 
chitosan-cellulose hydrogel beads are found to indeed have much greater mass ratio 
than the chitosan hydrogel beads, suggesting that the addition of cellulose in chitosan 
reduced the water content in the hydrogel beads and thus made the beads materially 
denser and hence possibly mechanically stronger.  
 
Table 3.2 Hydration rate of chitosan-cellulose beads 
TYPE Wh (g) Wd (g) Hr (%) 
2%chitosan 0.9963 0.0270 97.29 
Crosslinked 2%chitosan 0.9888 0.0310 96.86 
2%chitosan-2%cellulose 1.2518 0.0603 95.22 
Crosslinked 
2%chitosan-2%cellulose 1.0430 0.0570 94.53 
2%chitosan-4%cellulose 0.9779 0.0434 95.56 
Crosslinked 
2%chitosan-4%cellulose 1.1972 0.0636 94.69 
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The results of the dissolution tests are given in Table 3.3. It can be found that the 
addition of cellulose in chitosan did not improve the acidic resistance of the hydrogel 
beads, but the crosslinking reaction significantly increased the chemical stability of the 
hydrogel beads in acidic media. Chitosan hydrogel beads have been known to be 
unstable or to start to dissolve in solutions of pH < 4 (Roberts, 1992). The crosslinking 
reaction in this study however extended the chemical stability of the hydrogel beads to 
solutions of pH < 1 and did not affect the chemical stability of the hydrogel beads in 
neutral and basic pH solutions. It is generally known that the high hydrophilicity of 
chitosan or chitosan hydrogel beads is attributed to the primary amine groups in 
chitosan. The fact that the crosslinking reaction improved the acid resistance of the 
hydrogel beads therefore provides the evidence that some amine groups in chitosan 
were consumed or sheltered by the crosslinking reactions.  
 
Table 3.3 Solubility behavior of various chitosan-cellulose beads 
Dissolution Condition 






DI water 0.1M NaOH 
2%chitosan soluble soluble soluble insoluble insoluble 
Crosslinked 2%chitosan insoluble insoluble insoluble insoluble insoluble 
2%chitosan/2%cellulose soluble soluble soluble insoluble insoluble 
Crosslinked 
2%chitosan/2%celluloe insoluble insoluble insoluble insoluble insoluble 
2%chitosan/4%cellulose soluble soluble soluble insoluble insoluble 
Crosslinked 




The effects of cellulose addition and solution pH on the dissolution properties of the 
chitosan-cellulose beads have been studied in more detail. Figure 3.4 shows the effect 
of cellulose addition on the dissolution properties of chitosan-cellulose beads. It can be 
seen from Figure 3.4 that it took about 450 min for 2%chitosan beads to dissolve 
completely at pH 3, but with the addition of cellulose the complete dissolution time 
decreased to about 300 min.  This result indicated that for the non-crosslinked 
chitosan-cellulose beads, the increase of cellulose addition actually increased the 
dissolution of the beads. The same experiments were also conducted on crosslinked 























Figure 3.4 Effect of cellulose addition on dissolution property of chitosan-cellulose 
beads (non-crosslinked) at pH 3. 
 
The effect of pH on the dissolution of 2%chitosan-2%cellulose beads is shown in 
Figure 3.5. It is observed that 2%chitosan-2%cellulose beads were very stable in pH 4 
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and there was no evidence of dissolution for the beads at pH 4 for the experimental 
time of 350 min examined. The complete dissolution times for 
2%chitosan-2%cellulose beads at pH 0, 1, 2 and 3 were 20, 70, 150, and 340 min 
respectively. The same tests were conducted for crosslinked 2%chitosan-2%cellulose 
beads and the diameters of the beads were not observed to decrease with the pH and 
the time periods examined (results are not shown). Therefore, the tests prove that the 
crosslinking reaction was very effective for enhancing the acidic resistance property of 

























Figure 3.5 Effect of pH on dissolution property of 2%chitosan-2%cellulose beads 
(non-crosslinked). 
 
The mechanical property of chitosan-cellulose beads was measured and the results are 
shown in Table 3.4. It is observed that the maximum load at break indeed increased 
after the addition of cellulose. The mechanical strength for the beads was also 
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reinforced after crosslinking for both 2%chitosan beads and 2%chitosan-2%cellulose 
beads. Therefore, the polymer blending with cellulose in chitosan enhanced the 
mechanical strength of the material. Most importantly, the crosslinked 
chitosan-cellulose beads had significantly higher chemical strength (maximum load 
48.8 N) than the crosslinked chitosan beads (maximum load 44.9 N).  
 











2%chitosan 43.09 0.01 0.02 
2%chitosan-2%celluose 44.9 0.02 0.02 
Crosslinked 2%chitosan 43.9 0.02 0.02 
Crosslinked 2%chitosan-2%cellulose 48.8 0.02 0.02 
 
3.3.3 Zeta potentials 
The zeta potentials of the chitosan-cellulose and the crosslinked chitosan-cellulose 
beads under different solution pH values are shown in Figure 3.6. It is observed that 
the chitosan-cellulose beads had positive zeta potentials in acidic solutions and 
negative zeta potentials in basic solutions, with a point of zero zeta potential at about 
pH 6.7. The pKa value of the amine group in chitosan molecule has been known to be 
dependent on the extent of deacetylation (α). It was reported that the pKa was 6.1 when 
α < 0.72 and 6.7 when α > 0.72 (Roberts, 1992). The α value of chitosan used in this 
study was greater than 0.85, and, hence, the point of zero zeta potential at about pH 6.7 
for the chitosan-cellulose beads was essentially the same as the pKa value of the amino 
group in chitosan (Jin and Bai, 2002; Zhang and Bai, 2003). From the electrostatic 
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interaction point of view, the positive zeta potentials of the chitosan-cellulose beads 
under acidic solution conditions would favor the adsorption of negatively charged 
species and the negative zeta potentials of the beads under basic solution conditions 
may enhance the adsorption of positively charged species. The crosslinking reaction is 
observed to slightly reduce the positive zeta potentials of the beads at pH<6.7. Since 
the positive zeta potentials of the beads may partially result from the protonation of the 
amine groups in chitosan, the reduction of the positive zeta potentials of the 
crosslinked chitosan-cellulose beads may again indicates that some of the amine 
groups on the chitosan-cellulose beads were consumed or sheltered by the crosslinking 
reaction.   
























Figure 3.6 Zeta potentials of the non-crosslinked chitosan-cellulose and the 
crosslinked chitosan-cellulose beads at different solution pH values. 
 
3.3.4 Characterization of chitosan-cellulose beads 
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XPS analysis was performed for the chitosan-cellulose beads before and after 
cross-linking. The objectives of this analysis were to investigate the structure change 
after cross-linking.  
 
The C1s core level spectra are shown in Figures 3.7-3.9. From Figure 3.7, chitosan 
beads are observed to have three types of bonds at binding energy (BE) of 284.6, 286.1, 
and 288.1 eV assigned to C-C, C-O or C–N, and O-C-O, respectively.  
294 292 290 288 286 284 282 280
 
 




Figure 3.7 C1s level spectra of 2%chitosan beads. 
 
The addition of cellulose to chitosan caused the changes in the ratios of the three types 
of bonds, and the binding energy (B.E.) had only a negligible shift due to the blending 
of the two types of polymers together as shown in Figure 3.8.  
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Figure 3.8 C1s level spectra of non crosslinked 2%chitosan-2%cellulose beads. 








Figure 3.9 C1s level spectra of crosslinked 2%chitosan-2%cellulose beads.  
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 After the cross-linking reaction, a new peak at 287.2 eV however appeared (see Figure 
3.9). This peak can be assigned to C-O-C in ring, possibly from the residue of the 
crosslinking agent EGDE. However, typical O1s and N1s spectra did not show clear 
differences (results are not shown). Hence FTIR analysis was used for further 
investigation on the reaction sites of the crosslinking reaction on the chitosan-cellulose 
beads.  
 
FTIR spectra are a useful tool to identify the presence of certain functional groups in a 
molecule as each specific chemical bond often has a unique energy absorption band. 
To understand the nature of cross-linking reaction, FTIR spectra were obtained for 
















Figure 3.10 FTIR spectra of 2%chitosan-2%cellulose beads before and after 
crosslinking. 
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 The peaks at the wavenumbers of 3434.9 and 1076.8 cm-1 could be assigned to O-H 
stretch and C-O stretch, respectively, and the peaks at 2902.3 and 1385.5 cm-1 are 
related to C-H stretch and C-H bending respectively. It can be observed in Figure 3.10 
that there was no significant difference in O-H, C-O and C-H vibration between the 
crosslinked beads and non-crosslinked beads, indicating that those functional groups 
were not involved in the crosslinking reaction.  
 
One of the major changes in the FTIR spectra was that the peak at the wavenumber of 
1431.8 cm-1 in the non-crosslinked beads shifted to 1435.7 cm-1 and became weaker 
after the cross-linking reaction. According to the reference (Wade, 1999), the peak at 
the wavenumbers of 1435.7 and 1431.8 cm-1 are both assigned to the –NH deformation 
vibration. In other words, the crosslinking reaction has been found to affect all the 
bonds with N atoms, indicating that nitrogen atoms were the main binding sites for the 
crosslinking reaction.  
 
Another change observed in the spectra is that the peak at the wavenumber of 1231.1 
cm-1 in the non-crosslinked beads strengthened after the crosslinking reaction. Since 
the peak at 1231.1 cm-1 is assigned to the C-O stretch in the –C-O-C- ring; the 
sharpening of the peak representing the –C-O-C- ring was probably caused by the 
cross-linking agent EGDE.  
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3.3.5 Effect of pH on copper adsorption 
Figure 3.11 shows the amounts of copper ion adsorption on the chitosan-cellulose and 
the crosslinked chitosan-cellulose beads in solutions of initial pH values from 4 to 10 
(copper ions mainly existed as Cu2+ in this pH range). In general, the adsorption 
capacities increased with the increase of the solution pH values for both the 
chitosan-cellulose beads and the crosslinked chitosan-cellulose beads and the 
maximum adsorption uptakes reached about 14-16 mg/g (dry weight) in this case. It is 
also observed that the chitosan-cellulose beads always had greater adsorption 































Figure 3.11 Effect of initial solution pH values on copper adsorption uptakes on the 
chitosan-cellulose and the crosslinked chitosan-cellulose beads (initial copper ion 
oncentration in the solution: 30 mg/L). 
 
As mentioned earlier, the zeta potentials of both the chitosan-cellulose and the 
c
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crosslinked chitosan-cellulose beads were positive at pH<6.7 and negative at pH>6.7. 
The electrostatic interaction between the two types of beads and the copper ions to be 
adsorbed would be repulsive at pH<6.7 but become attractive at pH>6.7. The repulsive 
electrostatic interaction at pH<6.7 may hinder copper ions in the bulk solution from 
approaching the surfaces of the beads for adsorption to take place. However, the 
electrostatic repulsion decreased with the increase of the solution pH. This probably 
explains the observed increase of the adsorption uptakes with solution pH from 4 up to 
6.7. At pH above 6.7, the attractive electrostatic interaction between the beads and the 
copper ions to be adsorbed may favor the adsorption to take place, but the adsorption 
uptakes in Figure 3.11 are not observed to further increase with solution pH at pH > 
6.7. The changes of the adsorption performance with solution pH in Figure 3.11 may 
be more clearly explained from the acid-base properties of the beads (adsorbents). Eqs. 
(3.5), (3.6), and (3.7) below can be used to show some of the major reactions that may 
take place during the adsorption in the solution:  
 
 
-NH2 + H+  -NH3+                 ↔
(3.5) 
-NH2 + Cu2+ → -NH2Cu2+                  
(3.6) 




Eq. (3.5) indicates the protonation and deprotonation reactions of the amine groups of 
chitosan in the solution, Eq. (3.6) shows the formation of surface complexes of copper 
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ions with the amine groups, and Eq. (3.7) describes the binding of OH- from the 
solution with the amine groups through hydrogen bond (Jin and Bai, 2002). At lower 
solution pH values, the reaction in Eq. (3.5) favored the protonation of the amine 
groups to form –NH3+. Since more –NH2 groups were converted to –NH3+, there were 
only fewer –NH2 sites available on the beads’ surfaces for copper adsorption through 
Eq. (3.6). In addition, the formation of more -NH3+ sites on the surfaces increased the 
electrostatic repulsion between the copper ions and the surfaces of the beads. All these 
effects would result in the reduction of copper ion adsorption on the beads with 
decreasing solution pH values. In comparison with the adsorption uptakes of the 
chitosan-cellulose beads, the significant reductions in copper ion adsorption on the 
crosslinked chitosan-cellulose beads at pH below about 7 (see Figure 3.11) can be 
attributed to the fact that the total number of –NH2 and –NH3+ groups on the 
crosslinked chitosan-cellulose beads was much smaller (due to the crosslinking 
reaction which consumed some of these groups) and the reaction in Eq. (3.5) had 
dramatic impact on the number of –NH2 available for copper ion adsorption through 
Eq. (3.6). On the other hand, with the increase of solution pH values, the reaction in Eq. 
(3.5) proceeded to the left side and increased the number of –NH2 sites on the surfaces 
of the beads for copper adsorption through Eq. (3.6), thus increasing the adsorption 
capacities. At higher solution pH values, the reaction in Eq. (3.7) may proceed. This 
reaction on one hand can reduce the adsorption of copper ions through surface 
complexation in Eq. (3.6), but on the other hand may increase the adsorption of copper 
ions on the beads through electrostatic attractions (non-specific or physical adsorption). 
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It appears that, at pH values greater than 8 or 9, the formation of –NH2OH- through Eq. 
(3.7) in fact reduced the adsorption of copper ions on the beads, indicating that surface 
complexation had a more important impact than the electrostatic interaction on the 
amount of copper ion adsorbed on the beads in this pH range.  
  
3.3.6 Adsorption isotherms 
Adsorption isotherms describe how adsorbates interact with adsorbents and are 
important in optimizing the use of adsorbents. The equilibrium adsorption data of 
copper ions on the chitosan-cellulose beads and the crosslinked chitosan-cellulose 
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Figure 3.12 Adsorption uptakes of copper ions on the chitosan-cellulose and the 
crosslinked chitosan-cellulose beads at various initial copper concentrations (initial 
solution pH = 6). 
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The results clearly indicate that, with the increase of initial copper concentrations, the 
adsorption uptakes of both the chitosan-cellulose beads and the crosslinked 
chitosan-cellulose beads increased significantly, even though the crosslinked 
chitosan-cellulose beads exhibited lower adsorption uptakes. At lower initial copper 
concentrations, the adsorption uptakes increased linearly with the initial copper 
concentrations, suggesting that the adsorption sites on the beads were sufficient and the 
amount of adsorption in these cases were dependent on the number of copper ions that 
were transported from the bulk solution to the surfaces of the beads. At higher initial 
copper concentrations, however, the adsorption uptakes no longer increased 
proportionally with the initial copper concentrations, indicating that the number of 
adsorption sites on the surfaces of the beads actually limited the adsorption uptakes.   
 
The adsorption isotherm data were analyzed with the Langmuir isotherm model in its 
















where qe is the equilibrium copper adsorption amounts on the beads (mg/g), Ce is the 
equilibrium copper concentrations in the solution (mg/L), qmax represents the 
maximum amount of copper ions that could be adsorbed on the beads (mg/g), and ks is 








































Figure 3.13 Illustration of the experimental adsorption isotherm data presented in 
terms of the linearized Langmuir and Freundlich models, respectively, for copper ion 
adsorption on the chitosan-cellulose and the crosslinked chitosan-cellulose beads (pH 
= 6):  (a) Plot according to the Langmuir model in Eq.(3.8), (b) Plot according to the 
Freundlich model in Eq.(3.9). 
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The plot of the experimental Ce/qe against Ce for the experimental data in Figure 3.12 
is shown in Figure 3.13 (a). It is observed that copper ion adsorption on the 
chitosan-cellulose beads can be fitted to the Langmuir isotherm model very well. From 
the slope and the intercept of the straight line, the values of qmax and ks can be 
estimated to be 53.2 mg/g (dry weight) and 2.29 mg/L, respectively. However, the 
Langmuir isotherm model can not describe the adsorption of copper ions on the 
crosslinked chitosan-cellulose beads (A plot of the experimental Ce/qe against Ce for 
the experimental data can not give a straight line). The Langmuir isotherm model 
assumes that the adsorbed layer is one molecule in thickness and that all adsorption 
sites have equal energies and enthalpies of adsorption (Ng et al., 2002). As shown in 
Figure 3.3, the crosslinked chitosan-cellulose beads had porous structures. Hence, the 
homogeneous surface conditions required by the Langmuir isotherm model may not be 
met. In addition, the adsorption of copper ions on the crosslinked chitosan-cellulose 
beads may not follow the monolayer adsorption pattern. All of these can result in the 
adsorption behavior of copper ions on the crosslinked chitosan-cellulose beads 
different from the one the Langmuir isotherm model describes. 
 
Alternatively, the experimental data in Figure 3.12 may be analyzed with the 










 where P is a constant representing the adsorption capacity (mg/g)(L/mg)n, and n is a 
constant depicting the adsorption intensity (dimensionless). The plot of log qe versus 
log Ce for the experimental data in Figure 3.12 is shown in Figure 3.13(b). The 
correlation coefficients in the model fitting in Figure 3.13(b) are found to be 
R2=0.8667 and R2=0.9443 respectively for the chitosan-cellulose beads and the 
crosslinked chitosan-cellulose beads. It is clear that copper ion adsorption on the 
crosslinked chitosan-cellulosed beads is much better described by the Freundlich 
model than that on the chitosan-cellulose beads. It illustrates that copper adsorption on 
both the chitosan-cellulose beads and the crosslinked chitosan-cellulose beads may be 
reasonably described by the Freundlich isotherm model. The Freundlich model is 
based on an assumption of adsorption on heterogeneous surfaces and also possibly in 
multi-layer adsorption pattern. The analysis hence confirms, at least partly, that the 
crosslinked chitosan-cellulose beads were more heterogeneous in the surface 
properties than the chitosan-cellulose beads. The values of the Freundlich model 
constants P and n are found to be 13.167 and 2.285 for the chitosan-cellulose beads 
and 5.563 and 2.259 for the crosslinked chitosan-cellulose beads. The similar values of 
n for the chitosan-cellulose beads and the crosslinked chitosan-cellulose beads indicate 
that the driving force for copper adsorption on the two types of beads is comparable. 
However, the significant greater value of P for the chitosan-cellulose beads (13.167) 
than that for the crosslinked ones (5.563) indicates that the affinity of copper ions on 
the chitosan-cellulose beads is much greater than on the crosslinked chitosan-cellulose 
beads.  
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 3.3.7 Adsorption kinetics 
The kinetics of adsorption is to establish the time course of copper uptake on the beads. 
It is also desirable to examine whether the behavior of copper adsorption on the beads 
can be described by a theoretical model that is predictive (Ho and McKay, 1999; Sağ 

















Figure 3.14 Typical kinetic adsorption results of copper ions on the two types of 
hydrogel beads (initial solution pH = 6, initial copper ion concentration = 15 mg/L). 
 
The typical experimental results of copper adsorption on the two types of beads versus 
adsorption time are shown in Figure 3.14. Although the chitosan-cellulose beads had 
greater amount of adsorption than the crosslinked chitosan-cellulose beads, the 
dynamic behavior of copper adsorption on both types of beads followed a similar 
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change pattern consisting of an initial rapid step and then a second slow step. The 
adsorption process of the crosslinked chitosan-cellulose beads was however much 
faster to reach adsorption equilibrium than the chitosan-cellulose beads. It is observed 
that the adsorption equilibrium was reached at about 7 h for the crosslinked 
chitosan-cellulose beads but took about 15 h for the chitosan-cellulose beads, possibly 
due to their higher adsorption capacity.   
 
The adsorption of copper ions on the beads may be considered to consist of two 
processes: (a) the transport of copper ions from the bulk solution to the surfaces of the 
beads (including external and/or intraparticular diffusions), and (b) the attachment of 
copper ions to the active adsorption sites on the surfaces of the beads. In the initial 
stage, the surfaces of the beads were relatively free of copper ions and the copper ions 
that arrived at the beads’ surfaces may attach instantly to the adsorptive sites on the 
beads’ surfaces. Hence, the adsorption rate may be dominated by the number of copper 
ions diffused from the bulk solution to the surfaces of the beads in this case. Based on 
the Fickian diffusion law, Zhang and Bai (2003) showed that the amount of adsorption 









where q(t) represents the amount of copper ions adsorbed per unit weight of the beads 
at time t (mg/g), C0 the initial concentration of copper ions in the bulk solution, D the 
diffusion coefficient, and S the specific surface area of the chitosan-cellulose or the 
crosslinked chitosan-cellulose beads. Eq. (3.10) indicates that under 
diffusion-controlled transport mechanism, q(t) versus t0.5 would follow a linear 
relationship, with π/2 0 DSCkd =  depicting the intrinsic kinetic rate constant for 


















Figure 3.15 The fitting of diffusion-controlled kinetic model, Eq. (3.10), to the 
dynamic adsorption amounts of copper ions for the experimental results in Figure 3.14.  
 
Figure 3.15 shows a plot of q(t) versus t0.5 for the experimental results in Figure 3.14. 
A linear relationship of q(t) against t0.5 is indeed observed in the initial stage of the 
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adsorption for each type of the beads. The results confirm the existence and 
importance of diffusion-controlled transport mechanism in copper adsorption on the 
chitosan-cellulose or crosslinked chitosan-cellulose beads. From the correlation 
analysis, the value of kd is found to be 0.577 and 0.386 for the chitosan-cellulose beads 
and the crosslinked chitosan-cellulose beads, respectively.  
 
In the later stage of copper adsorption, the experimental data in Figure 3.14 no longer 
obey the model in Eq. (3.10). This indicates that other factors started to play an 
important role in controlling the adsorption. Since most of the adsorption sites on the 
beads’ surfaces were occupied by previously adsorbed copper ions, the copper ions that 
were subsequently transported to the surfaces of the beads had to find available 
adsorption sites before the attachment can occur. The adsorption of copper ions on the 
beads in the later stage hence slowed down and would probably transit from the initial 
diffusion-controlled process to a final attachment-controlled process.       
 
3.3.8 Adsorption mechanisms 
To identify the possible sites of copper ions bonding to the two types of beads, FTIR 
spectra were obtained for the chitosan-cellulose and the crosslinked chitosan-cellulose 
beads before and after copper adsorption, as shown in Figure 3.16.    
 
In general, it is observed that the major changes in the FTIR spectra after copper ion 
adsorption are quite similar for both the chitosan-cellulose and the crosslinked 
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chitosan-cellulose beads, indicating that the mechanisms of copper ion adsorption on 
the two types of beads are essentially the same. Significant changes in the FTIR 
spectra are found at the wavenumbers of 1435.7 and 1327.6 cm-1 after copper 
adsorption. The peaks at the wavenumbers of 1435.7 and 1327.6 cm-1 can be assigned 
to the ⎯N-H deformation vibration and ⎯C-N⎯ stretching vibration in chitosan 
molecules, respectively. Another major change in the FTIR spectra can be observed at 
the wavenumber of 2365.8 cm-1 which can be assigned to the –NH stretching vibration. 
Therefore, copper adsorption on the beads affected all the chemical bonds with N 
atoms. It thus is reasonable to assume that the nitrogen atoms should be the main 
adsorption sites for copper attachment on the beads. Since some of the nitrogen atoms 
were involved in the crosslinking reaction with EGDE and became unavailable for 
copper ion adsorption, it is easy to understand the reason that the crosslinked 
chitosan-cellulose beads exhibited lower adsorption capacities than the 
chitosan-cellulose beads, as shown in Figure 3.11. 
 
In addition, the changes in the FTIR spectra at wavenumbers of 3434.9 and 1076,8 
cm-1 may also be assigned to the –OH stretching vibration in the alcohol group and the 
–C-O stretching vibrations, respectively (transmittance was significantly reduced; see 
Figure 3.16). These changes may suggest the possibility that the oxygen atoms in the 




















































Figure 3.16 FTIR spectra for the two types of hydrogel beads before and after copper 
adsorption: (a) Chitosan-cellulose beads, (b) Crosslinked chitosan-cellulose beads. 
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To further verify the findings from the FTIR spectra, X-ray photoelectron spectroscopy 
(XPS) were employed. XPS spectra have widely been used to identify the existence of 
a particular element and to distinguish the different forms of the same element in a 
material. Figure 3.17 shows the typical XPS wide scan spectra for the crosslinked 
chitosan-cellulose beads before and after copper ion adsorption.  

































Figure 3.17 Typical wide scan XPS spectra for the crosslinked chitosan-cellulose 
beads before and after copper ion adsorption: (a) Before copper adsorption, (b) After 
copper adsorption.  
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It is clear that a new peak at the binding energy (BE) of about 933 eV appeared after 
copper adsorption, and the presence of a satellite band nearby were representative of 
the oxidation state +2 of copper ions for the Cu 2p3/2 orbital. Therefore, the peak at BE 
of 933 eV provides evidence of copper ions (Cu2+) being adsorbed on the surface of 
the beads.  
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Figure 3.18 Typical N 1s XPS spectra for the two types of hydrogel beads before (left) 




In Figure 3.18, the typical N 1s XPS spectra of the chitosan-cellulose beads and the 
crosslinked chitosan-cellulose beads before and after copper adsorption are presented, 
respectively. Before copper ion adsorption, there is only one peak at 399.1 eV for the 
chitosan-cellulose beads or at 399.3 eV for the crosslinked chitosan-cellulose beads. 
This is attributed to the N atom in the –NH2 and/or the –NH– groups on the surfaces of 
the chitosan-cellulose or crosslinked chitosan-cellulose beads (Zhang and Bai, 2003). 
After copper ion adsorption, however, a new peak at BE of 400.9 eV for the 
chitosan-cellulose beads or at BE of 401.4 eV for the crosslinked chitosan-cellulose 
beads is observed. This indicates that some N atoms existed in a more oxidized state 
on the beads’ surfaces due to copper ion adsorption. This phenomenon can be 
attributed to the formation of R-NH2Cu2+ complexes, in which a lone pair of electrons 
in the nitrogen atom was donated to the shared bond between the N and Cu2+, and, as a 
consequence, the electron cloud density of the nitrogen atom was reduced, resulting in 
a higher BE peak observed. Therefore, the XPS spectra provide evidence of copper 
ions binding to nitrogen atoms, in agreement with the FTIR findings. The O 1s XPS 
spectra however did not clearly show significant changes of the O 1s BEs before and 
after copper adsorption (less than 0.5 eV and the results not shown). Since both FTIR 
and XPS spectra could not provide clear evidence that the chemical bonds associated 
with the oxygen atoms on both type of the beads were significantly changed after 
copper ion adsorption, it may be speculated that the contribution of copper-oxygen 
interaction to copper ion adsorption on the beads was mainly through a non-specific 


























Chitosan-cellulose hydrogel beads can be used as an effective adsorbent for copper ion 
removal from aqueous solutions. The addition of cellulose into chitosan made the 
hydrogel beads materially denser and hence mechanical stronger. The crosslinking 
reaction using EGDE improved the chemical stability of the chitosan-cellulose beads 
in acid solutions with pH down to 1. Both the chitosan-cellulose and the crosslinked 
chitosan-cellulose beads showed good adsorption capacities for copper adsorption, 
although the adsorption performance was pH-dependent (showed maximum adsorption 
at pH around neutral) and the crosslinked beads had lower adsorption capacities. The 
Langmuir isotherm model can describe the adsorption isotherm of the 
chitosan-cellulose beads very well but the Freundlich isotherm model has to be used 
for the crosslinked chitosan-cellulose beads. Copper adsorption on both the 
chitosan-cellulose and the crosslinked chitosan-cellulose beads is found to obey 
transport-controlled adsorption kinetics in the initial stage but may transit to 
attachment-controlled adsorption kinetics in the later stage. FTIR and XPS analyses 
clearly reveal that the nitrogen atoms in chitosan were the main binding sites for 












A NOVEL AMINE-SHIELDED SURFACE CROSSLINKING OF 
CHITOSAN HYDROGEL BEADS FOR ENCHANCED METAL 




























Chitosan has been found to be capable of chemically or physically adsorbing various 
heavy metal ions (Dambies et al., 2001). Traditionally, chitosan is used in the form of 
flakes or powder in metal ion adsorption. Since raw chitosan can be characterized as a 
crystallized polymer, the adsorption of metal ions usually takes place only at the 
amorphous region of the crystals (Wu et al., 1999). Progress has been made to produce 
chitosan hydrogel beads to improve the adsorption capacity of chitosan because the gel 
formation process in producing chitosan hydrogel beads can reduce the crystallinity of 
the polymer. Wan Ngah’s group (1998 and 2002) has conducted research on Cu ion 
removal by chitosan flakes and chitosan hydrogel beads. It was found that the 
adsorption capacity of chitosan hydrogel beads was 80.71 mg/g which is 20 times 
greater than the adsorption capacity of chitosan flakes (4.7 mg/g) for copper ion 
removal. The previous chapter presented the results in adding cellulose into chitosan to 
form polymer blend to enhance the mechanical properties of the chitosan based 
adsorbent (Li and Bai, 2005a).  
 
However, another major material limitation of the chitosan adsorbent is the poor acid 
resistance (chitosan may dissolve at solution pH below about 4). Attempts have been 
made to improve the chemical stabilities of the chitosan hydrogel beads in acidic 
conditions through chemical crosslinking of the surfaces with crosslinking agents, such 
as ethylene glycol diglycidyl ether (EGDE), glutaricdialdehyde (GA), and 
epichlorhydrine (ECH) (Wan Ngah et al, 2002; Qin et al., 2003).  As shown in the 
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previous chapter, chemical crosslinking can indeed reduce the solubility of the chitosan 
hydrogel beads in aqueous solutions of low pH values. However, the crosslinking 
agents are all prone to react with the amine groups instead of the hydroxyl groups in 
chitosan. The amine groups of chitosan are also known to be the major functional 
groups for heavy metal ion adsorption. Therefore, the adsorption capacity of the 
crosslinked chitosan beads for heavy metal ion adsorption is greatly reduced. 
 
In order to preserve or improve the adsorption capacity of chitosan hydrogel beads, it 
is desirable to find a crosslinking method that can prevent the amine groups of chitosan 
from being consumed by the crosslinking reaction. In this part of the study, a new 
crosslinking method that shields the amine groups of chitosan before the crosslinking 
reaction and subsequently releases the shielded amine groups after the crosslinking 
reaction was developed. Adsorption experiments for copper ion removal were 
conducted to evaluate the effectiveness of the new crosslinking method in enhancing 
metal adsorption performance. Various analyses, such as scanning electronic 
microscopy (SEM), zeta potential measurement, Fourier transform infrared (FTIR) 
spectroscopy, and X-ray photoelectron spectroscopy (XPS), were employed to 
characterize the surface properties of the hydrogel beads and to reveal the mechanisms 
of surface interactions involved in the crosslinking method as well as in copper 
adsorption on the surfaces. 
 
To make the study more general, chitosan hydrogel beads (rather than 
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4.2 Materials and methods 
4.2.1 Materials and chemicals  
Formaldehyde solution (20%) was supplied by Merck. Other chemicals including 
chitosan flakes, EGDE, copper standard solution were the same as stated in Section 
3.2.1 (page 45). Deionized (DI) water was used to prepare all solutions. 
 
4.2.2 Preparation and novel crosslinking of chitosan hydrogel beads 
The method to prepare chitosan hydrogel beads is similar to that used to prepare the 
chitosan-cellulose hydrogel beads described in section 3.2.2. Briefly, a 2 g amount of 
chitosan flakes was added into 100 mL 2 % (w/w) acetic acid in a beaker and the 
contents in the beaker were mixed on a hot plate stirrer at 70 oC and 200 rpm for 6 h to 
obtain a homogenous chitosan solution. Then, the chitosan solution was injected in 
droplets into a 1 M NaOH solution to form hydrogel beads through a vibration nozzle 
system (Nisco Encapsulation Unit, LIN-0018, with nozzle size of 300 µm). The 
chitosan hydrogel beads (denoted as CHBs) were allowed to stay in the NaOH solution 
with slow stirring for 12 h for hardening. The beads were finally separated from the 
NaOH solution and washed with DI water in a large beaker until the solution pH 
became the same as that of the fresh DI water. Then, the beads were stored in DI water 
for further use.  
 
Then, the CHBs were pretreated with formaldehyde to “shield” the amine groups of 
chitosan. To do this, 100 mL of the CHBs and 100 mL of 20% formaldehyde solution 
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were added into a 500 mL conical flask. The contents of the flask were shaken in an 
orbital water bath shaker operated at 250 rpm and at room temperature (22-230C) for 2 
h. Finally, the formaldehyde-treated chitosan hydrogel beads (denoted as FCHBs) were 
separated from the solution, washed with DI water for several times, and stored in a 
flask containing DI water for further study.  
 
The FCHBs were crosslinked with EGDE. 75 mL of the FCHBs was taken from the 
stock and added into 75 mL of DI water in a flask with the pH being adjusted to 12 by 
the addition of 0.1 M NaOH solution. After 5 min, a 1.2 g amount of EGDE solution 
was added into the flask and the crosslinking reaction in the flask was allowed to 
proceed at 70 oC for 6 h in a thermostatic water bath with continuous agitation. Finally, 
the mixture in the flask was cooled down to room temperature, and the EGDE 
crosslinked FCHB beads (denoted as EFCHBs) were separated and washed in an 
ultrasonic bath with sufficient DI water until the pH of the washing solution became 
around 6-6.5 (the same as the fresh DI water). The beads were then stored in DI water 
in a flask for further use. 
 
To release the amine groups shielded by the formaldehyde treatment, 50 mL of the 
EFCHB beads was taken from the stock and added into 150 mL of a 0.5 M HCl 
solution in a 250 mL flask which was shaken in an orbital water bath shaker operated 
at 200 rpm and room temperature for 12 h. The HCl-treated EFCHBs were separated 
and washed using sufficient DI water and were stored in DI water for further study. 
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The beads with the amine groups recovered by the HCl treatment are denoted as 
NRCHBs. 
 
In order to compare the effectiveness of the new crosslinking method, the CHBs were 
also directly crosslinked with EGDE in the traditional way (without the treatment of 
formaldehyde) under the same crosslinking conditions presented above for analysis 
and adsorption study. The directly crosslinked CHB beads are referred to as DCHBs. 
 
4.2.3 SEM observation 
The surface morphologies of the CHB, FCHB, EFCHB, and NRCHB beads were 
examined with a field emission scanning electron microscope (FESEM, JEOL JEM 
6700) at 5 kV. Samples were vacuum-dried in a desiccator and were platinum-coated 
by a vacuum electric sputter coater (JEOLJFC-1300) to a thickness of at least 500 
angstroms before glue-mounted onto the sample stud for the SEM analysis.  
 
4.2.4 Zeta potential measurement 
Zeta potentials are often used as an important parameter in explaining the electrostatic 
surface interaction in adsorption (Corcoran et al., 2001). The zeta potentials of the 
CHB, DCHB and NRCHB beads were determined by a Zeta-Plus4 instrument 
(Brookhaven Corp., USA) following the same preparation and analysis procedure as 
described in 3.2.4.   
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4.2.5 Adsorption experiments  
Kinetic adsorption experiments were conducted to evaluate the adsorption properties 
of the CHBs, NRCHBs and DCHBs. A number of plastic vials (25 mL), each with 10 
mL copper ion solution with an initial copper concentration of 15 mg/L and an initial 
solution pH of 6, were prepared. A 0.1 g (wet weight) amount of each type of the 
hydrogel beads was added as scheduled into each of several vials, respectively. The 
mixture in each bottle was shaken on an orbit shaker operated at 200 rpm and room 
temperature for various periods of time up to 12 h or until adsorption equilibrium was 
established. The histories of copper ion concentration in the solutions were established 
by analyzing the solution samples taken from each bottle at a different adsorption time, 
using an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES, 
Perkin Elmer Optima 3000DV). The amounts of adsorption on each type of the beads, 









where C0  (mg/L), V (L) and m (g) (dry weight)  have the same definition as in 
Chapter 3. Ct (mg/L) is the concentration of copper ions in the solution at adsorption 
time t.  
 
The adsorption performance of copper ions on the CHBs, NRCHBs and DCHBs were 
also investigated at various initial solution pH values. A 0.1 g (wet weight) amount of 
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each type of the hydrogel beads was added, respectively, into a number of 25 mL 
plastic vials, each of them containing 10 mL copper ion solution with the same initial 
copper concentration of 15 mg/L, but a different initial solution pH value in the range 
of 3 to 10, respectively. The contents in the bottles were stirred on an orbital shaker at 
200 rpm and room temperature for 24 h for adsorption to reach equilibrium (the 
equilibrium adsorption time was usually less than 10 h). The pH of the solution in each 
bottle was not controlled during the adsorption process in order to avoid the 
introduction of any additional ions into the solution. The initial and final copper 
concentrations in each bottle were analyzed. 
 
The adsorption isotherm experiments with copper ions were conducted at the initial 
concentrations ranging from 10 to 200 mg/l at pH 4. A 0.05 g (wet weight) amount of 
NRCHBs was added into 10 mL of the solutions in a number of vials respectively. The 
mixtures in the vials were stirred on an orbital shaker operated at 200 rpm and at room 
temperature for 24 h. For comparison, the same type of experiments was also 
conducted with DCHBs. The initial and final copper concentrations in each vial were 
analyzed. The adsorption uptakes (mg/g dry beads) were calculated according to Eq. 
(3.3). 
 
4.2.6 FTIR analysis 
In order to investigate the surface treatment and crosslinking mechanisms, FTIR 
analysis was conducted for the CHB, FCHB, EFCHB, and NRCHB beads by FTIR 
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Spectrometer using the same method presented in Section 3.2.7 (page 53). 
 
4.2.7 XPS study 
XPS analyses of the CHB, FCHB, EFCHB and NRCHB beads were carried out use the 
similar method described in Section 3.2.8 (page 54) to further verify the surface 
treatment and crosslinking mechanisms. The NRCHB beads after copper ion 

















4.3 Results and discussion 
4.3.1 Surface treatments and crosslinking mechanisms 
FTIR spectra have widely been used as a tool to identify the presence of certain 
functional groups or chemical bonds on a solid surface in material modifications 
because each specific chemical bond often shows a unique energy adsorption band 
(Deng et al., 2003). In this study, FTIR analysis was used to examine the characteristic 
chemical structures of the four types of the hydrogel beads (i.e. CHB, FCHB, EFCHB, 
and NRCTB) to elucidate the reaction mechanisms occurred on the surfaces. The 
typical FTIR results of the CHB, FCHB, EFCHB, and NRCHB in this study are shown 
in Figure 4.1.  














































































































































Figure 4.1 FTIR spectra of (a) CHBs, (b) FCHBs, (c) EFCHBs, and (d) NRCHBs. 
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 The major peaks for the CHB in Figure 4.1(a) can be assigned as follows: 3450.4 cm-1 
(-OH and -NH stretching vibrations), 2882.9 cm-1 (-CH stretching vibration in -CH, 
and -CH2), 1652.9 cm-1 (-NH bending vibration in -NH2), 1429.1 cm-1 (-NH 
deformation vibration in –NH2), 1379.8 cm-1 (-CH symmetric blending vibration in 
–CHOH-), 1321.5 cm-1 and 1159.6 cm-1 (-CN stretching vibration), 1061.4 cm-1 and 
1025.6 (-CO stretching vibration in –COH), and 897.6 cm-1 (-CN stretching vibration) 
(Wade, 1999; Nalwa, 1997). 
 
After the formaldehyde treatment of the CHB beads, the spectrum of the FCHB in 
Figure 4.1(b) shows some major changes due to the reaction. The peak at 3450 cm-1 for 
the CHB was slightly broadened and shifted to 3405.1 cm-1, and a new peak at the 
wavenumber of 1563.8 cm-1 appeared. The peak at 1563.8 cm-1 can be assigned to the 
C=N- stretching vibration, indicating that some of the C-NH2 groups were changed 
into the C=N- groups. In addition, the peaks at the wavenumbers of 1429.1, 1159.6 and 
897.6 cm-1 shown in Figure 4.1(a) weakened after the formaldehyde treatment. All of 
these changes are related to the chemical bonds with nitrogen, indicating that the 
amine groups were involved in the reaction with formaldehyde treatment.  
 
The possible reaction mechanism can be given in Scheme 4.1. Some of the amine 
groups in chitosan reacted with formaldehyde and generated the –N=CH2 groups on 
the surfaces of the beads and a byproduct of H2O in the solution. Since no FTIR peaks 
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for the C=O vibrations are observed, one can therefore conclude that the FCHB beads 
















Scheme 4.1 Conversion of CHB to FCHB in formaldehyde treatment. 
 
With the EGDE crosslinking, the spectrum of the EFCHB in Figure 4.1(c) shows that 
the band for -OH and -NH stretching vibration around the wavenumber of 3400.2 cm-1 
and the peaks for the N-H bending vibration in -NH2 at the wavenumber of 1655.8 
cm-1 were significantly weakened. The other two bands at the wavenumbers of 1419.1 
and 1321.5 cm-1, relating to the amine groups, were also weakened after the EGDE 
crosslinking reaction. However, the peak representing the C=N- stretching vibration at 
the wavenumber around 1597.9 cm-1 was almost not affected by the crosslinking 
reaction. Hence, the FTIR result in Figure 4.1(c) suggests that the EGDE crosslinking 
reaction occurred with the –NH2 in the –C-NH2 groups and perhaps the –OH in the 
–C-OH groups as well, but not with the C=N- groups. In other words, some amine 
groups in chitosan were converted to the C=N- groups by the formaldehyde treatment 
and were not participated in the crosslinking reaction. The possible crosslinking 





































































































Scheme 4.2 Possible crosslinking mechanisms in the new method: (a) with the amine 
groups and (b) with the hydroxyl groups. 
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From the FTIR spectrum in Figure 4.1(d) for the acid-treated beads (i.e. NRCHB), 
some important information can be clearly obtained. Firstly, the peak at the 
wavenumber of 1655.4 cm-1 was significantly increased (compared to that in Figure 
4.1(c)), indicating that more –NH2 groups were generated by the acid treatment. 
Secondly, the peak at the wavenumber of 1536.1 cm-1, representing the =N-CH2 bond, 
disappeared almost completely. All of these results provide evidences that the =N-CH2 
groups formed in the formaldehyde treatment were converted back into the –NH2 
groups by the acid treatment. The conversion may be described by a reversible and 
acid-catalyzed process, in which the imine group was first converted into a 
carbinoamine structure via a series of intermediate reactions, followed by a proton 
transfer from oxygen to nitrogen, resulting in the final production of the primary amine 
structure (McMurry, 2000).  
 
To verify the findings from the FTIR spectra, X-ray photoelectron spectroscopy (XPS) 
was employed. Since most reactions discussed above involved in the nitrogen atom, 
the N 1s core-level XPS spectra of the CHB, FCHB, EFCHB, and NRCHB beads are 
examined in Figure 4.2. 
 
As seen in Figure 4.2(a), the N 1s core-level XPS spectrum of the CHB can be fitted to 
only one peak with binding energy (BE) of 399.42 eV for the nitrogen in the –NH2 
groups. After the treatment with formaldehyde, the N 1s core-level XPS spectrum of 
the FCHB beads in Figure 4.2(b) can be assigned to peaks at the BEs of 398.52 and 
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399.79 eV for the nitrogen in the =N- and –NH2 groups, respectively (Claesson and 
Ninham, 1992; Beamson and Briggs, 1992; Rojas et al., 2002), indicating the 
formation of the -N=CH2 groups by the formaldehyde treatment; as shown in Scheme 
4.1.  
 
After the EGDE crosslinking (see Figure 4.2(c)), the strong peak at 398.52 eV 
representing the =N- groups did not change noticeably, but the weak peak at 399.79 eV 
for –NH2 shifted a little bit down to 399.31 eV for –NH-, suggesting that the –N=CH2 
groups were not affected by the crosslinking reaction, but some of the –NH2 groups in 
FCHB beads were changed to –NH- by the crosslinking reaction. The change of –NH2 
to –NH- during the EGDE crosslinking process is suggested by the crosslinking 
mechanism, as shown in Scheme 4.2(a). Some of the –NH2 groups were not shielded 
by the formaldehyde treatment and hence they were crosslinked by EGDE in this case.  
 
Figure 4.2(d) shows the N 1s core-level XPS spectrum of the NRCHB beads. It is 
observed that the peak at the BE of 398.41 eV is very weak and the one at 399.85 eV is 
strengthened after the HCl treatment, in comparison with the peaks at the similar BEs 
in Figures 4.2(b) and 4.2(c). The strong peak in Figure 4.2(d) can be attributed to the 
nitrogen in the –NH2 groups, indicating that the nitrogen atoms in the –N=CH2 groups 
were converted back into those in –NH2. The weak peak at the BE of 398.41 eV may 
be attributed to the nitrogen atoms in the =N-CH2 groups, suggesting that a small 
number of the =N-CH2 groups may remain after the acid treatment in this case. 
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Figure 4.2 XPS N 1s spectra for (a) CHBs, (b) FCHBs, (c) EFCHBs, and (d) 
NRCHBs.  
 105
 From the N 1s core level XPS spectra of CHBs, FCHBs, EFCHBs, and NRCHBs in 
Figure 4.2, a ratio of the different types of N-containing species, i.e. N in amine form 
(-NH2 or –NH-) and N in imine form (=N-CH2), can be estimated from the ratio of the 
peak areas. It was found that the ratio is 100:0, 8.15:91.85, 11.57:88.43, and 
79.76:20.24 for CHBs, FCHBs, EFCHBs, and NRCHBs, respectively.  These data 
clearly support that the formaldehyde treatment converted most of the -NH2 into 
=N-CH2; the crosslinking did not significantly affected the =N-CH2; and the acid 
treatment effectively reversed the =N-CH2 back into the -NH2 form. If taking that 
88.43-91.85% of the amine groups was shielded and the small portion of unshielded 
amine groups in FCHBs may take part in the crosslinking reaction, one can calculate 
that the percentage recovery of the amine groups from =N-CH2 would be in the range 
of 68.19-79.76% in this case. 
 
As the –OH groups in chitosan are also suspected to be possibly involved in the 
crosslinking reaction from the FTIR results in Figure 4.1, the O 1s XPS spectra of the 
CHB, FCHB, EFCHB and NRCHB beads are examined in Figure 4.3. There are two 
peaks at the BEs of 532.72 and 531.51 eV, respectively, in the O 1s XPS spectrum of 
the CHB (see Figure 4.3(a)). These two peaks can be assigned to the oxygen in the 
C-O-C groups in the glucose ring and in the –OH or C-O groups on the surfaces of the 
CHB. The O 1s peaks of the FCHB in Figure 4.3(b) are very similar to that of the CHB, 
indicating that the formaldehyde treatment did not react with any oxygen-containing 
functional groups. 
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Figure 4.3 XPS O 1s spectra for (a) CHBs, (b) FCHBs, (c) EFCHBs and (d) NRCHBs.  
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After the EGDE crosslinking, a new peak is observed at the BE of 530.46 eV, which 
can be assigned to the oxygen in the C-O-C groups on the surface of the EFCHB 
(Beamson and Briggs, 1992); see Figure 4.3(c). The formation of the C-O-C groups on 
the surfaces may be attributed to the chemical binding of EGDE with the -CH2OH 
groups on the surface of the beads. This crosslinking mechanism is also shown in 
Scheme 4.2 (as 4.2(b)). Since the amine groups on the surfaces of the beads may not 
be enough for the crosslinking reaction, the remaining or extra EGDE molecules in the 
solution therefore used the –OH groups for the crosslinking reaction. From the O 1s 
XPS spectrum in Figure 4.3(d), one may conclude that the crosslinked beads were 
stable and were not affected even by the HCl treatment, as the O1s peaks did not show 
noticeable changes after the acid treatment, in comparison with those in Figure 4.3(c) 
before the acid treatment. The results thus also provide evidence that the crosslinking 
reaction was indeed effective in reducing the acid solubility of the beads.  
 
The SEM images in Figure 4.4 show the significant morphological differences of the 
surfaces of the various types of beads, i.e. CHB, FCHB, EFCHB, and NRCHB, 
resulting from the surface treatment and crosslinking reactions. After Formaldehyde 
treatment, the surface of the beads became very porous and after the amine groups 
release the surface of the beads became dense again, somewhat similar to the surface 
of CHB beads. 
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Figure 4.4 SEM images showing the surface morphologies of (a) CHBs, (b) FCHBs, 
(c) EFCHBs, and (d) NRCHBs. 
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 4.3.2 Zeta potentials 
As the DCHB and NRCHB beads were the final products from the traditional or the 
new crosslinking method and were used in the adsorption experiments to compare their 
adsorption performances, the zeta potentials of the two types of the beads as a function 
of the solution pH values are examined in Figure 4.5.  



















Figure 4.5 Zeta potentials of DCHBs and NRCHBs. 
 
Both the DCHBs and NRCHBs have positive zeta potentials under acidic conditions 
but negative zeta potentials under basic conditions, with a point of zero zeta potential 
at pH around 7.8. From the electrostatic interaction point of view, the adsorption of 
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metal ions on the crosslinked chitosan hydrogel beads may be improved with the 
increase of solution pH values, due to the reduction of the repulsive or increase of the 
attractive surface electrostatic interactions. It is observed that, in general, the NRCHBs 
have greater zeta potential values than the DCHBs. This may be attributed to the fact 
that more free amine groups are available on the NRCHBs than DCHBs for 
protonation. 
 
4.3.3 Adsorption performance 
As an evaluation, the adsorption performances for copper ion removal with the CHBs 
(chitosan hydrogel beads without crosslinking), DCHBs (chitosan hydrogel beads 
directly crosslinked with EGDE), and NRCHBs (chitosan hydrogel beads prepared 
with the new crosslinking method in this study) as the adsorbents are presented in 
Figures 4.6 and 4.7.  
 
Figure 4.6 shows the typical results of the time-dependent adsorption performances of 
the three types of the beads. The adsorption capacity for the NRCHBs is found to be 
slightly less than that of the CHBs, but is significantly greater than that of the DCHBs, 
confirming that the new crosslinking method with the amine groups shielded or 
“protected” before the EGDE crosslinking only consumed a very small number of the 
primary amine groups in chitosan (with NRCHBs compared to CHBs) but preserved 
most of the primary amine groups (with NRCHBs compared to DCHBs) for metal 
adsorption, and, as a result, enhanced the adsorption performance of the crosslinked 
 112
chitosan hydrogel beads.  























Figure 4.6 Typical kinetic adsorption results of copper ions on the CHBs, NRCHBs, 
and DCHBs (initial solution pH = 6, initial copper ion concentration = 15 mg/L). 
 
 
It is observed that for all types of the beads, the adsorption of copper ions on the 
adsorbents increased very fast in the initial stage of adsorption. After a fast adsorption 
period, the adsorption rates gradually reduced. This type of adsorption behavior in the 
later stage is typical of the specific adsorption process in which adsorption rate is 
dependent upon the number of available adsorption sites on the surfaces of the 
adsorbent and the amount of adsorption is usually controlled by the attachment of the 
metal ions on the surfaces, most probably through the chelating interaction mechanism. 
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In view of the fact that the weight and surface area of the DCHB and NRCHB beads 
were similar in the kinetic adsorption experiments but the adsorption capacity of the 
NRCHB beads was much greater than that of the DCHB beads, it can be concluded 
that there are more adsorption sites on the NRCHBs than on the DCHBs, and the 
adsorption was attachment-controlled since the transport of copper ions from the bulk 
solution to the surface of the two types of the adsorbent can be essentially the same in 
the experiments.  




























Figure 4.7 Effect of initial solution pH values on copper adsorption uptakes on the 
NRCHBs, DCHBs, and CHBs (initial copper ion concentration in the solution = 15 
mg/L; contact time=24h). 
 
Many studies using chitosan for metal adsorption have reported the existence of an 
optimum pH at which metal adsorption was greatest (Wu et al, 1999). The effect of 
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solution pH values on the adsorption of copper ions on the three types of the beads is 
shown in Figure 4.7.  Generally, the adsorption uptakes of copper ions on the 
adsorbents increased with the increase of pH values, in accordance with the analysis in 
zeta potential results in Figure 4.5. However, the difference between the largest 
adsorption uptake and the smallest adsorption uptake in the pH range studied for the 
NRCHBs is smaller than that for the CHBs and DCHBs. This is also in agreement with 
the smaller differences in the zeta potentials for the NRCHBs in the pH range studied. 
Since the zeta potentials of the NRCHBs were positive at pH less than 7.8 (shown in 
Figure 4.5), the electrostatic interactions between the NRCHBs and the copper ions to 
be adsorbed were electrically repulsive in this pH range. With the increase of the pH 
values, the electrical repulsion forces decreased and the copper ions were easier to be 
transported to the surfaces of the adsorbents from the bulk solution, and, thus, attached 
to the functional groups on the adsorbent surfaces. More importantly, in the pH range 
examined, the NRCHBs always showed much greater adsorption uptakes than the 
DCHBs. In addition, unlike the CHBs which was observed to be slowly dissolved in 
pH less than 4, the NRCHBs was found to be very stable in the pH range (even in 
much lower pH solutions than those shown in this figure). Therefore, it is reasonable to 
conclude that the NRCHBs are a very good adsorbent with both high adsorption 
capacity and acidic resistance.  
 
Metal uptake capacity can be evaluated via the adsorption isothermal experiments, and 







Cqq += /1      
                                                                  (4.2) 
 
 
where qe is the equilibrium adsorption uptakes (mg/g), qm is the maximum amount of 
adsorption (mg/g), b is the adsorption equilibrium constant (L/mg), Ce is the 
equilibrium concentration of the metal ions in the solution (mg/L). The adsorption 
isotherm results of NRCHBs and DCHBs for copper ions at pH 4 are shown in Figure 
4.8 (Using pH 4 was to prevent copper from precipitation at higher concentrations).  





















Figure 4.8 Adsorption isotherm results of copper ions on NRCHBs and DCHBs (initial 
pH=4; contact time=24h, V=10 mL, initial concentration ranging from 10 to 200 
mg/L). 
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 In general, copper uptakes increased with the initial copper concentrations for both 
NRCHBs and DCHBs, but the equilibrium adsorption uptakes of copper on NRCHBs 
were always much greater than those on DCHBs, suggesting the benefit of the 
amine-protected crosslinking method in this study. The fitted results of the Langmuir 
model are also included in Figure 4.8. It is clear that the adsorption isotherm results for 
both NRCHBs and DCHBs can be well described by the Langmuir model (R2>0.99), 
with qm on DCHBs and NRCHBs being 120.5 and 163.9 mg/g (dry weight), 
respectively, in this case. The fact that copper adsorption on DCHBs can be well 
described by the Langmuir isotherm model is different from the previous finding in 
Chapter 3, where the adsorption data of the crosslinked chitosan-cellulose beads can 
not be fitted with the Langmuir model. This could be due to the combined effect of 
blending with cellulose and also crosslinking with EGDE that made the surface of the 
crosslinked chitosan-cellulose beads heterogeneous. Hence, the homogeneous surface 
conditions required by the Langmuir model may not be met. In addition, the adsorption 
capacities of both DCHBs and NRCHBs are much higher than the adsorption 
capacities of the chitosan-cellulose beads and crosslinked chitosan-cellulose beads. 
The other reason was probably that the density of amine groups in the non-crosslinked 
or crosslinked chitosan-cellulose beads was much smaller than that in NRCHBs and 
DCHBs due to the blending with cellulose, which affected the adsorption behaviors.  
 
4.3.4 Adsorption mechanisms 
XPS has often been used to identify the interaction of a metal ion with the surface 
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chemical groups on an adsorbent during adsorption. The creation of a chemical bond 
between a metal ion and an atom on the surface of the adsorbent would change the 
distribution of the electrons around the corresponding atom, i.e., the electron-donating 
ligands can lower the binding energy (BE) of the core level electrons while the 
electron-withdrawing ligands can raise the BE (Claesson and Ninham, 1992).  
 
Figure 4.9 shows the typical wide scan of NRCHBs before and after copper adsorption. 
It is observed that after copper adsorption, a new peak with a binding energy of 933 eV 
appeared, and can be assigned to the Cu 2p peak, indicating that copper ions were 
adsorbed on the surface of NRCHBs.  













Figure 4.9 Typical wide scan XPS spectra for the NRCHBs (a) before and (b) after 
copper adsorption.  
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Figure 4.10 XPS (a) N 1s and (b) O 1s spectra for the NRCHBs after copper 
adsorption (pH=6). 
 
In Figure 4.10, the N 1s and O 1s spectra of the NRCHBs after copper adsorption are 
shown. Compared to Figure 4.2(d), the N 1s XPS spectrum in Figure 4.10(a) shows 
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two new peaks at the BEs of 400.2 and 400.74 eV, respectively, after copper adsorption, 
indicating that copper ions were chemically interacted with the nitrogen atoms on the 
surface of the NRCHBs. As the lone pair of electrons in a nitrogen atom on the 
NRCHBs can be donated to form a shared bond (surface complex) between a copper 
ion and the nitrogen atoms, the electron cloud density of the nitrogen atoms can be 
reduced and a peak at a higher BE in the XPS spectrum can be observed.  
 
The two new peaks in the N 1s spectra may be an indication that two types of 
nitrogen-containing functional groups were involved in the copper-adsorbent 
interactions. The major new peak at the BE of 400.74 eV can be assigned to the 
nitrogen atoms in the NH2 groups attached with copper ions, and the other minor new 
peak at the BE of 400.2 eV may be assigned to the nitrogen atoms in the –NH- or =N- 
groups with copper ions attached. The adsorption mechanism appeared to be more 
complicated than that of chitosan-cellulose beads discussed in the previous chapter. In 
other words, the primary amine groups are the most effective surface functional group 
in copper adsorption and most of the copper adsorbed formed chelating complex 
between amine groups. Although the percentage recovery of the amine groups was in 
the range of 68.19-79.76%, the adsorption capacity of NRCHB is about 90% of the 
adsorption uptake of CHB. Taking consideration of 88.43-91.85% of the amine groups 
was shielded, it can be concluded that the unreleased =N- groups may also take part in 
the adsorption of copper ions (contributed to about 20% of the adsorption). However, 
for chitosan-cellulose beads, the adsorption of copper ions was relatively simply and 
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attributed only to the formation of R-NH2Cu2+. The O 1s spectrum of the NRCHBs 
with copper adsorption in Figure 4.10(b) does not show noticeable difference with that 
in Figure 4.3(d) before copper adsorption. This result may suggest that the OH groups 
were not involved in copper ion adsorption, at least not through surface complexation 




















The nitrogen atoms in the primary amine groups of chitosan were most effective in 
copper ion adsorption through surface complexation. Formaldehyde treatment of the 
chitosan hydrogel beads before EGDE crosslinking converted the –NH2 groups to 
–N=CH2 and shielded or prevented them from being consumed in the crosslinking 
reaction. The crosslinking reaction was therefore forced to take place at the unshielded 
amine groups and the hydroxyl groups on the beads. The final HCl treatment after the 
crosslinking reaction effectively released most of the shielded nitrogen atoms in the 
–N=CH2 groups into those in the –NH2 form. The new crosslinking method was found 
to be able to preserve most of the primary amine groups on the chitosan hydrogel 
beads for metal adsorption, as compared to the traditional direct EGDE crosslinking 
method. Adsorption experiments for copper ion removal confirmed that the chitosan 
hydrogel beads crosslinked with the new method had significantly greater adsorption 
capacities than the beads crosslinked with the traditional method. The analysis with 
XPS spectra proved that copper ion adsorption on the beads were indeed through 
attachment mainly to the nitrogen in the primary amine groups in chitosan, through the 
formation of surface complexes. The new crosslinking method would have great 
potential in many applications where the primary amine groups are the useful 
functional group but they may be preferentially consumed when a traditional 









ENHANCED AND SELECTIVE ADSORPTION OF MERCURY 
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Chitosan has been widely studied as an adsorbent with good metal-chelating property 
for the removal of various heavy metal ions from water or wastewater. In the previous 
parts of the study, various progresses have been made to improve the properties of 
chitosan. Chitosan hydrogel beads were prepared to reduce the crystallinity of chitosan 
and also provide the potential of regeneration and reuse of the adsorbent. 
Chitosan-cellulose beads were also synthesized to improve the mechanical strength of 
the adsorbent. Then a novel crosslinking method was developed to improve the 
adsorption capacity of crosslinked chitosan beads. In addition, the adsorption 
mechanism study confirmed that the amine groups in chitosan are the main binding 
sites for heavy metal ions. However, the amine groups have been known not to show 
specific selectivity toward individual heavy metal species (Guibal, 2004).  
 
Since various heavy metal ions are often present in industrial effluents or other water 
resources, there is significant research and practical interest to develop the methods 
that can effectively remove the heavy metals and, at the same time, recover them in 
their individual pure form for potential reuse in order to avoid the second pollution 
problems of these heavy metals (in a more concentrated form) after they are removed 
from the water to their regulated levels. A possible solution to achieve this target is to 




In recent years, surface modification has become a popular method for providing a 
material with desirable properties for practical applications. Many methods for surface 
modification have been developed (Takafuji et al., 2004; Bulbul Sonmez et al., 2002). 
Particularly, the controlled free radical polymerization techniques have been 
increasingly used to synthesize new polymeric compounds (Webster, 1991; Wayland et 
al., 1994; Percec and Barboiu, 1995; Pattern et al., 1996; Edmondson et al., 2004). A 
new living radical polymerization process, referred to as atom transfer radical 
polymerization (ATRP) (Zhao and Brittain, 2000), has been successfully used as a  
versatile method for the polymerization of various vinyl monomers, such as acrylates, 
acrylonitrile, methacrylates, and styrene (Percec et al., 1998; Teodorescu and 
Matyjaszewski, 1999; Kim et al., 2000; Perruchot et al., 2001; Xiao et al., 2002; Kim 
et al., 2003; Liu et al., 2003; Liu et al., 2004; Yu et al., 2004; Cai et al., 2005). In 
addition, the ATRP method does not require stringent experimental conditions as 
anionic and cationic polymerization do. The application of the technique opened new 
ways for the modification of material surfaces for their potential applications in a 
variety of technological fields. As a result, surface initiated ATRP has been developed 
into one of the most robust and versatile approaches for the synthesis of polymer brush 
on the surface of other materials, attributed to the ease of controlling the thickness, the 
low polydispersity, the homogeneity, the surface density, and the composition of 
grafted polymer (Wang et al., 2002). So far, most studies with the ATRP method were 
done on the surfaces of silicon (Feng et al, 2005; Xiao and Wirth, 2002), gold (Kim et 
al., 2000) and synthetic polymers (Xiao et al., 2002). Surface modification of 
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biopolymer such as chitosan using the ATRP technique has, to our knowledge, seldom 
been reported. Due to the unique properties including biocompatibility, nontoxicity, 
and so on, polymers from acrylamide and its derivatives are widely used in industry, 
agriculture and medicine. Polymers with the amide groups are known to have good 
affinity towards mercury ions (Bulbul Sonmez et al., 2002; Li et al, 2002; Rivas et al., 
2001). Since there are many studies using chitosan beads as adsorbents for heavy metal 
removal, it is of great research interest to explore the possibility to modify chitosan 
beads with amide through the surface-initiated ATRP method to provide enhanced and, 
more importantly, selective separation performance of the adsorbent for mercury ions 
from aqueous solutions.       
 
In this part of the study, chemical modification of dry chitosan beads using the ATRP 
method was investigated. Acrylamide was polymerized with the ATRP method through 
the 2-bromoisobutyryl bromide initiated reaction onto the chitosan beads. Monomer 
concentrations and reaction times were examined for their effects on the surface 
modification. The polyacrylamide grafted chitosan beads, i.e., 
chitosan-g-polyacrylamide beads, were characterized with FTIR and XPS analyses and 
were investigated as an adsorbent for the removal of mercury ions as well as for its 





5.2 Materials and methods 
5.2.1 Materials  
Chitosan used was the same as presented in Section 3.2.1 (page 45). Acrylamide 
(99.9%) from Merck was used in the surface graft polymerization on chitosan beads. 
Tetrahydrofuran (THF, HPLC grade), triethylamine (Et3N), and 2-bromoisobutyryl 
bromide (98%) supplied by Aldrich were used in the introduction of polymerization 
initiator on chitosan beads. Other chemicals used for acrylamide polymerizarion 
included N, N-Dimethylformamide (DMF, 99.9+% HPLC grade), Copper(I) Bromide 
(CuBr, 98%), Copper(II) Bromide (CuBr2, 98%), and Titriplex III (disodium 
salt-ethylenediamine-tetraacetic acid, EDTA, 0.1 M) from Aldrich. 
Tris(2-aminoethyl)amine(TREN, 96%) obtained from Acros was used to prepare 
tris[2-dimethylamino]ethyl]amine (Me6TREN) ligand needed in the ATRP reaction 
(Ciampolini and Nardi, 1966). HgCl2 powder, Pb(NO3)2 standard solution (1000 mg/L) 
and perchloric acid (70%) from Merck were used in the adsorption and desorption 
experiments. Deionized (DI) water was used to prepare all test solutions. 
 
5.2.2 Preparation of chitosan beads 
For general purpose, the chitosan beads used in this part of study were prepared and 
crosslinked in the conventional methods, as described in detail in section 4.2.2 and 
3.2.2, respectively. The chitosan beads were dried in a vacuum oven before further use. 
 
5.2.3 Polymerization of acrylamide on chitosan beads through ATRP method 
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Before polymerization of acrylamide from the surfaces of chitosan dry beads, 
2-bromoisobutyryl bromide was reacted to the surfaces as the polymerization initiator. 
A 5 g amount of the crosslinked and dry chitosan beads were added into a 50 mL flask 
containing 25 mL of the THF solution with the presence of 0.5 mL of triethylamine in 
it. The flask was placed in an ice bath and the contents were gently stirred. Then, 0.5 
mL of 2-bromoisobutyryl bromide was slowly added in droplets into the solution under 
argon atmosphere. The flask, purged with argon gas, was removed from the ice bath 
and the reaction in the flask was allowed to continue at room temperature (22-23 oC) 
overnight. Finally, the chitosan beads immobilized with the initiator of 
2-bromoisobutyryl bromide were separated by filtration and rinsed first with THF, and 
then methanol and DI water, and dried in a desiccator at room temperature for 48 h.  
 
For the polymerization of acrylamide from the surface-initiated chitosan beads, the 
reaction proceeded in a CuBr/CuBr2/Me6TREN catalytic system at room temperature. 
A test tube was charged with 21.51 mg (150 μmol) of CuBr, 3.35 mg (15 μmol) of 
CuBr2, 1.08 g (15 mmol) of acrylamide and 0.5 g of the chitosan beads immobilized 
with the initiator. Then, 2 mL of DMF was added into the test tube and the content in 
the tube was bubbled with argon for 45 min to remove the oxygen. After the monomer 
was completely dissolved in the solution, 0.0345 mL (165 μmol) of Me6TREN was 
injected into the test tube. The test tube was then sealed with a rubber stopper under 
argon atmosphere. When the solution temperature in the tube stabilized, the argon 
source was removed and the reaction for acrylamide graft polymerization in the tube 
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was allowed to proceed for a predetermined duration. Finally, the resulting 
chitosan-g-polyacrylamide beads were separated and washed with DMF, 0.1M EDTA 
and ethanol in sequence and dried and stored in a desiccator for other analyses or 
adsorption experiments.  
 
5.2.4 Metal adsorption experiments 
Kinetic study of mercury adsorption was conducted at an initial pH of 4 and an initial 
mercury concentration of 20 mg/L. A 0.25 g amount of the dry 
chitosan-g-polyacrylamide beads (polymerization time of 48 h at a monomer 
concentration of 7.5 M) was added into 1000 mL of the mercury solution in a flask. The 
mixture in the flask was shaken on an orbit shaker operated at 200 rpm and at room 
temperature for a period of up to 120 min or until adsorption equilibrium was 
established. Samples were taken at desired time intervals and analyzed for mercury 
concentrations. The adsorbed amounts of mercury per unit weight of the beads at time ti, 
q(ti) (mg/g), was calculated according to Eq. (3.4). For comparison, the same type of 
experiment was also conducted with chitosan beads. 
 
The adsorption isotherm experiments with mercury and lead in a single component 
system were conducted at concentrations ranging from 10 to 200 mg/L at pH 4. A 25 
mg amount of the chitosan-g-polyacrylamide beads (polymerization time of 48 h at a 
monomer concentration of 7.5 M) was added into 100 mL of the solutions in flasks. 
The mixtures in the flasks were stirred on an orbital shaker operated at 200 rpm and at 
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room temperature for 24 h (well above the equilibrium time). The pH of the solutions 
was not adjusted during the adsorption process in order not to introduce additional ions 
in the solutions. For comparison, the same type of experiments was also conducted 
with chitosan beads.  
 
The selective adsorption experiments were conducted with solutions contained both 
mercury and lead ions. The effect of pH on the adsorption selectivity was investigated 
in a pH range from 3 to 6 with an initial mercury and lead concentration of 20 mg/L 
(each species at an equal concentration). A 25 mg of the dry chitosan-g-polyacrylamide 
beads was added into individual flasks containing 100 mL of the solutions at a 
different initial pH. Selective adsorption experiments were also conducted at pH 4 with 
initial mercury and lead concentrations varied from 10-200 mg/L in the solutions (each 
species at an equal concentration). For comparison, similar experiments were 
conducted with chitosan beads. All the initial and final mercury and lead 
concentrations in the solution samples were determined using ICP-OES (with a 
detection limit for mercury and lead at 10 ppb). The reason in examining the selective 
removal of mercury versus lead in this study was based on the fact that the discharge 
and deposition of mercury and lead often has the similar origins: burning of fossil fuels 
and industrial waste, electrical and electronics manufacturing, mining, oil refining, and 
rubber processing, etc. Also adsorption separation of mercury from lead can be more 
difficult than from other heavy metals, such as copper or zinc, as both mercury and 
lead belong to the group of “soft acid”. 
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 5.2.5 Desorption experiments 
After the adsorption experiments by placing a 25 mg amount of the 
chitosan-g-polyacrylamide beads in 100 mL of 20 mg/L mercury and lead (equal 
concentration) solution at pH 4 for 2 h, the metal-adsorbed chitosan-g-polyacrylamide 
beads were regenerated in 100 mL of 70% perchloric acid solution to desorb the metal 
species. The mixture was shaken in an orbital shaker operated at 200 rpm and room 
temperature and the concentrations of mercury and lead in the solution were 
determined by ICP-OES after desorption time of 1 h. Then, the 
chitosan-g-polyacrylamide beads were collected from the solution through membrane 
filter, washed with DI water, and reused in the next cycle of adsorption experiment. 
The adsorption-desorption experiments were conducted for three cycles. 
 
5.2.6 Surface analyses  
Reflectance Fourier transform infrared (FTIR) spectra were obtained for chitosan 
beads, surface-initiated chitosan beads and chitosan-g-polyacrylamide beads with a 
FT-IR spectrophotometer (Bio-Rad UMA500) to elucidate the reaction mechanisms. 
X-ray Photoelectron Spectra (XPS) were also obtained for the different types of beads 
(with or without adsorbed metal ions) using the same method described in Section 
3.2.8 (Page 54). All binding energies (BE’s) were referenced to the C 1s hydrocarbon 
peak at 284.6 eV.  
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5.3 Results and discussion 
5.3.1 Surface modification reactions  
The pathway of preparing the chitosan-g-polyacrylamide beads can be outlined as in 
Scheme 5.1. The ATRP initiator was first immobilized on the surfaces of chitosan 
beads through the interaction with the –NH2 or –OH groups and then polymerization 
of acrylamide started from surface-initiated chitosan beads and the chains of 
polyacrylamide grew with time by polymerizing additional acrylamide molecules into 
the polymer chain.  
 
The initiators were immobilized on the surface of chitosan beads by a two-step process. 
In order to introduce polyacrylamide onto the chitosan surface, it is indispensable to 
immobilize a layer of the initiator onto the surface of chitosan beads. Unlike the 
surface-initiated ATRP on gold or silicon surface (Kim et al., 2000; Yu et al., 2004), 
which need to functionalize the surface before the initiator could be immobilized, there 
are hydroxyl groups and amine groups on the chitosan beads that can react with the 
initiator and result in the immobilization of one end of the initiator molecule on the 
surface of the chitosan beads (Kim et al., 2003; Liu et al., 2004). 
 
In the first step, the initiator 2-bromoisobutyryl bromide was introduced to the surface 
of chitosan beads through the hydroxyl groups and amine groups on the surface of the 
beads in the presence of dry THF as a solvent and organic alkali triethylamide to 
neutralize the HBr produced in the process of surface initiation.  
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Subsequently, the beads were washed repeatedly to remove any freely attached 
initiator from the monolayer. XPS analysis of the surface-initiated chitosan beads 
showed strong bromine signals, indicating successful immobilization of the initiator on 
the surface of the chitosan beads. 
 
The choice of the ligand in a catalysis system is a crucial condition of successful ATRP, 
especially in our experiment. There are amine groups on the surface of chitosan beads 
and in the acrylamide monomer which can also form complex with copper ions. In 
other words, the amine groups on chitosan surface will compete with the ligand in the 
solution to attract the catalyst, and as a result, affect the efficiency of the 
catalyst-ligand system. Therefore, a powerful ligand should be used in order to obtain 
successful results. The ligand must have a high complexation constant to compete with 
the polyacrylamide and chitosan for copper, and it must allow fast redox between Cu (I) 
and Cu (II). According to the work of Matyjaszewski and Xia (2001), the activity of 
N-based ligands in the ATRP process decreases with the number of coordinating sites. 
Tris[2-(dimethylamino)ethyl] amine (Me6TREN), which is one of the most powerful 
ligands successfully used in the Cu-based ATRP, was chosen in our experiment. It was 
reported that Me6TREN was able to form a complex with Cu (I) more powerfully, 
since the quadridentate tripodal nitrogen donor ligand forms high spin, five 
coordinated complexes with copper (II) of the trpe[M(Me6TREN)X]X, which have a 
trigonal bipyramidal structure, enabling the easy valence change of copper (Xiao and 
Wirth, 2002). In addition, to achieve effective reaction control and uniform polymer 
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brushes, an adequate concentration of the deactivating species, Cu (II) complex, is the 
key factor, as shown in Scheme 5.2.  
 









Scheme 5.2 General scheme of ATRP. 
 
Although self generation of the higher oxidation state metal complex could occur after 
atom transfer in the ATRP process (Patten and Matyjaszewski, 1998), the amount of 
deactivating species are usually not enough in the case of surface-initiated ATRP. 
Because there is a low absolute number of the initiators immobilized on the surface in 
the surface initiated ATRP, as compared to the amount of initiators present in the bulk 
of the polymerization solution in the bulk solution ATRP, the low surface initiator 
concentration can prevent the formations of a sufficient concentration of the 
deactivating species (Cu (II) complex) (Jeyaprakash et al., 2002). Since the 
deactivating species are crucial to the rapid establishment of the equilibrium between 
the dormant and the active chains, Cu (II) was necessary to be introduced to the 
catalyst system in the second step of the process (Matyjaszewski et al., 1999). 
Normally, there are two methods developed for maintaining the Cu (II) concentration 
in the ATRP system initiated from a surface. One is simultaneous initiation of ATRP 
from the surface and in solution; the other is addition of the necessary amount of Cu (II) 
at the beginning of the process (Liu et al., 2004; Matyjaszewski et al., 1999; Zhao and 
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Brittain, 2000). In this work, the latter method was used and the ratio of the Cu (II) and 






Figure 5.1 FESEM surface images of (a) chitosan, and (b) chitosan-g-polyacrylamide. 
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The surface images of chitosan, and polyacrylamide grafted chitosan 
(chitosan-g-polyacrylamide) were investigated by Field Emission Scanning Electron 
Microscope (FESEM), as shown in Figure 5.1. It is observed that the surface 
morphology has been changed greatly after the grafting and polymerization of 
acrylamide. The surface of chitosan-g-polyacrylamide became more uniform, similar 
to the results reported by Kim et al (2000). This is probably due to the feature of the 
“grafting from” technology used, which usually provides a higher grafting density due 
to the much higher diffusion rate of the small molecules involved, as compared to the 
“grafting to” method that attaches polymers directly (Liu et al., 2003).  
 
Table 5.1 Assignments of infrared absorption bands 
Wavenumber (cm-1) Intensity Assignment 
3400-3550 Strong O-H stretching
3100-3500 Strong N-H stretching 
2500-3400 Weak O-H stretching 
2700-2950 Variable C-H stretching 
1640-1680 Strong Amide I Stretching 
1618-1640 Strong Amide II Deformation 
1400-1640 Variable N-H bending 
1280-1430 Variable C-H bending 
1160-1420 Variable O-H bending 
900-1420 Medium C-N stretching 





































































































































































































































































FTIR analysis was conducted to confirm the existence of the grafted polyacrylamide 
on the surface of chitosan beads. FTIR spectra for chitosan, surface initiated chitosan, 
and chitosan-g-polyacrylamide of two different ATRP reaction times are shown in 
Figure 5.2. The absorbance peaks of the IR spectra obtained from the FTIR analysis 
are assigned to different functional groups as shown in Table 5.1 (according to the IR 
handbooks, Nalwa, 1997). The characteristic peak at 1640 cm-1 for chitosan beads 
(Figure 5.2(a)) is attributed to the N-H bending vibration (Nalwa, 1997), indicating the 
existence of the amine groups in chitosan. After the initiator immobilization on the 
beads, the FTIR spectrum for surface-initiated chitosan beads in Figure 5.2(b) showed 
a shift of the peak at 1640 to 1635 cm-1 and the appearance of a new peak at 1732 cm-1. 
The peak at 1635 cm-1 may be assigned to the amide (II) deformation vibration, which 
supports the interaction of the initiator with the amine group of chitosan and formed 
the amide group; as proposed in Scheme 5.1. The new peak at 1732 cm-1 is usually 
representative of the carboxyl group (–COO-), suggesting that the successful 
immobilization of ATRP initiator on the surfaces of chitosan beads was also through 
the reaction with the –OH groups of chitosan; also indicated in Scheme 5.1. For the 
chitosan-g-polyacrylamide beads (I) and (II) with different polymerization times, the 
FTIR spectra show a major peak at 1650 cm-1 in Figure 5.2(c) and 1657 cm-1 in Figure 
5.2(d), respectively, for the amide (I) groups, indicating successful grafting and 
polymerization of acrylamide from the surfaces of chitosan beads. With the increase of 
polymerization time from 24 h to 48 h, the intensity of the amide (I) peak increased 
significantly from the chitosan-g-polyacrylamide beads (I) to 
 139
chitosan-g-polyacrylamide beads (II). This result suggests that more amide (I) groups 
were introduced onto the surface, i.e., the polymer chain of polyacrylamide grew 
longer with time. The peak for the carboxyl groups at 1732 cm-1 in Figure 5.2(b) for 
the surface-initiated chitosan beads is no longer observed in the spectra for 
chitosan-g-polyacrylamide beads (I) and (II), possibly due to the coverage of the 
surfaces with polyacrylamide. The appearance and intensification of the two peaks at 
1412 and 1378 cm-1 for the primary amine groups in Figure 5.2(c) [for 
chitosan-g-polyacrylamide beads (I)] and Figure 5.2(d) [for chitosan-g-polyacrylamide 
beads (II)] are consistence with previous findings that polyacrylamide chains grew on 
the surface with time. Therefore, the FTIR spectra in Figure 5.2 clearly support the 
surface modification reactions given in Schemes 5.1.                             
 
The FTIR spectra of chitosan-g-polyacrylamide from reactions with different 
concentrations of the acrylamide monomer in the ATRP process are shown in Figure 
5.3. It can be clearly observed that the intensity of the peak at the wavenumber around 
1660 cm-1 for amide (I) stretching is much stronger in the ATRP with monomer 
concentration of 7.5M than that with monomer concentration of 3M. Therefore, it can 
be concluded from Figures 5.2 and 5.3 that the coverage of polyacrylamide grafted on 
2-bromoisobutyryl bromide initiated chitosan through the ATRP method with the  
CuBr/CuBr2/PMDETA catalyst system increased with reaction time and monomer 
concentration, although the increase with the time or monomer concentration may not 
be linear.  
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Figure 5.3 FTIR spectra of (a) chitosan-g-polyacrylamide beads (monomer 
concentration of 3M, reaction time of 48 h) and (b) chitosan-g-polyacrylamide beads 
(monomer concentration of 7.5M, reaction time of 48 h). 
 
XPS was also used to characterize the surfaces of chitosan beads, surface-initiated 
chitosan beads, and chitosan-g-polyacrylamide beads (II). Figure 5.4 shows the typical 
wide scan spectra. In addition to the BE peaks at 284.6 eV for C 1s, 533 eV for O 1s, 
and 398.4 eV for N 1s in chitosan beads, the Br 3d peak at BE of 70 eV, and Br 3p 
peak at BE of 182 eV are clearly visible for surface-initiated chitosan beads (Beamson 
and Briggs, 1992), suggesting that the initiator was immobilized on the surface of 
chitosan bead. However, for chitosan-g-polyacrylamide beads (II), the two peaks for 
bromide became hardly visible and the N 1s peak significant increased. The results are 
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in agreement with the FTIR findings that polyacrylamide chains grew with reaction 
time, which intensifies the N 1s peak and weakens the bromide peaks (possibly due to 
the coverage).  
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Figure 5.4 Typical wide scan XPS spectra of (a) chitosan beads, (b) surface-initiated 
chitosan beads, and (c) chitosan-g-polyacrylamide (reaction time of 48h, monomer 
concentration of 7.5M). 
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Similar results can be observed from the C 1s spectra of the chitosan, surface-initiated 
chitosan, and chitosan-g-polyacrylamide. The C 1s spectra are shown in Figure 5.5, 
and the peak assignments are given in Table 5.2. 
 
Table 5.2 Assignments of C 1s spectra bands based on their binding energies (BE) 
BE (eV) Assignments 
284.6 C-C or contaminated carbon 
286.2 C-N or C-O or C-O-C or C-Br 
287.9 C=O or O-C-O 
 
The C 1s core-level spectrum of chitosan surface shown in Figure 5.5(a) can be 
curve-fitted with three peak components having BE’s at about 284.6, 286.2 and 288.5 
eV, attributable to C-C and contaminated carbon, C-N, C-O groups and C-O-C groups, 
and  O-C-O species on chitosan surface, respectively. After immobilization of the 
initiator, the peaks with BE of 286.2 eV increased obviously. This is probably due to 
the introduction of C-Br in the surface-initiated process as shown in Scheme 5.1. The 
increase of peak intensity at BE of 288 eV is possibly due to the attachment of 
2-bromoisobutyryl bromide through the –OH and –NH2 groups on the surface of the 
chitosan beads. In Figure 5.5(c), there is a significant increase of the peak coverage 
area at BE of 287.9 eV. Since the peak is assigned to O-C-O and C=O species, the 
increase of the intensity could be a proof of the presence of the amide groups from 
polyacrylamide grafted. The increase of peak intensity at BE of 287.9 eV with longer 
polymerization time is consisitent with the FTIR result that the polymer chains grew 
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with the increase of the reaction time. 
292 290 288 286 284 282 280
292 290 288 286 284 282 280
292 290 288 286 284 282 280







Figure 5.5 C 1s XPS spectra of (a) 2% chitosan beads, (b) surface-initiated chitosan 
beads, (c) chitosan-g-polyacrylamide beads (reaction time of 24h, monomer 
concentration of 7.5M), and (d) chitosan-g-polyacrylamide beads (reaction time of 48h, 
monomer concentration of 7.5M). 
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The surface composition data from XPS scan of chitosan, surface-initiated chitosan 
and chitosan-g-polyacrylamide at different polymerization times and monomer 
concentrations are reported in Table 5.3.  
 
Table 5.3 Surface elemental compositions, in terms of [N]/[C], of chitosan beads, 
surface-initiated chitosan beads and chitosan-g-polyacrylamide beads from XPS 
analyses. 
 





chitosan _______ _______ 3.81 
Surface-initiated chitosan _______ _______ 3.23 
7.5M 24h 7.07 
7.5M 48h 18.08 
7.5M 72h 18.24 
Chitosan-g-polyacrylamide 
3M 48h 12.49 
a Data precision is ≈ ±5%. Determined from the XPS sensitivity-factor-corrected N 1s 
and C1s core-level spectral area ratio for the beads surfaces. 
 
The [N]/[C] ratio of chitosan beads is only 3.81%, which is much smaller than the 
theoretical value. This could be due to the commonly observed carbon contaminant in 
the XPS equipment chamber. However, investigation of [C-H]/[C-N or C-O]/[O-C-O] 
gives a ratio of 11:3:1. The ratio of the latter two groups of the species is quite close to 
the theoretical ratio in chitosan, which indicating that the small [N]/[C] ratio is due to 
the carbon contamination of the chitosan surface. It is observed that the [N]/[C] ratio 
after polyacrylamide grafting increased by two to six times, as compared to that of the 
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chitosan beads. Also the [C-N or C-O or C-Br]/[O-C-O or C=O] ratio observed from 
XPS spectra after polymerization times of 48 h and 72 h at an initial monomer 
concentration of 7.5M changed to 1.3:1 and 0.8:1 respectively. Since the relative 
amount of the C-Br groups would reduce and C=O groups would increase when 
polymerization of acrylamide continues, and more and more acrylamide are 
polymerization and grafted on the surface, the decrease of the [C-N or C-O or 
C-Br]/[O-C-O or C=O] ratio with polymerization time again confirms the finding of 
FTIR that the polyacrylamide brushes grow with reaction time.  
 
Although the surface-initiated atom transfer radical polymerization of acrylamide in 
this study shows a tendency that the polymerization increased with the increase of the 
reaction time and initial monomer concentration, the increase relationship may not be 
linear. Acrylamides is a special case that its reactivity is quite similar to that of 
acrylates, which means that they can be easily polymerized by ATRP. However, only a 
few partial controls of solution polymerization of acylamides have been reported (Xiao 
et al., 2002; Xiao and Wirth, 2002; Teodorescu and Matyjaszewski, 2000; Jewrajka and 
Mandal, 2003). Teodorescu and Matyjaszewski (1999) reported that the uncontrollable 
polymerization of (Meth)acrylamides are mainly due to the inactivation of the catalyst, 
strong bond between the terminal acrylamide unit in polymer and the bromine atom, 
and the nucleophilic displacement of the terminal bromine atom by the amide group. In 
this study, we found that the polymerization of acrylamide from the 
initiator-immobilized chitosan surface was very slow with the increase of the 
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polymerization time. Although the N content on the surface of the grafted beads 
increased obviously with the increase of the initial monomer concentration, we have 
encountered some difficulties in further characterization of the polymer chain length 
grafted. Chitosan beads prepared are in large dimension (1mm in diameter), as 
compared to the nanoparticles that were often used as the core materials for the ATRP. 
In addition, the surface of chitosan beads is very rough. It is difficult to measure the 
length of the polymer chain by AFM and ellipsometer that have often been used in 
other ATRP reports for film and wafer thickness measurement. Therefore, only 
qualitative analysis with XPS and FTIR can be made.   
 
5.3.2 Mercury adsorption kinetics  
Rapid interaction of the metal ions to be separated with the adsorbent is desirable and 
beneficial for practical adsorption applications. The kinetic results of mercury 
adsorption on chitosan beads and chitosan-g-polyacrylamide beads are shown in 
Figure 5.6. It can be observed that mercury uptake on chitosan-g-polyacrylamide beads 
was a very fast process. The amount of adsorption increased rapidly in the first 20 min, 
contributing to about 90% of the ultimate adsorption amount, and then augmented 
slowly and approached the adsorption equilibrium in about 60 min, with an 
equilibrium uptake of around 78 mg/g in this case. This type of adsorption behaviors is 
typical of the specific adsorption process in which adsorption rate is usually dependent 
upon the number of available adsorption sites on the surface of the adsorbent and 
eventually controlled by the attachment of the metal ions on the surfaces (Li and Bai, 
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2005a). 




























Figure 5.6 Adsorption kinetics of mercury ions on chitosan-g-polyacrylamide and 
chitosan beads (initial mercury concentration: 20 mg/L; initial solution pH: 4.0; 23oC; 
ICP detection limit < 10 ppb; Error < 5%). 
 
In the initial stage, the bare chitosan-g-polyacrylamide beads had many available 
active adsorption sites on the surface, and, hence, mercury adsorption on the surface 
was mainly controlled by the diffusion of mercury ions from the bulk solution to the 
surfaces of chitosan-g-polyacrylamide beads. With the increase of the adsorption time, 
the adsorption process of mercury to the surface of the chitosan-g-polyacrylamide 
beads became attachment-limited, due to the unavailability of the active adsorption 
sites on the surface. The high initial uptake rate and the short adsorption equilibrium 
time can be an indication of that the surfaces of chitosan-g-polyacrylamide beads had 
high density of active sites for mercury adsorption and the uptake mainly took places 
on the surfaces. In contrast, mercury uptake on chitosan beads was a much slower 
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process and it took up to 1000 min to reach adsorption equilibrium, with a much 
smaller equilibrium adsorption amount of about 50 mg/g. Hence, a practical advantage 
of using chitosan-g-polyacrylamide beads as an adsorbent would be in its ability to 
remove more mercury in a much shorter process time.  
 
5.3.3 Equilibrium adsorption of mercury ions  
Metal uptake capacity can be evaluated via the adsorption isothermal experiments, and 
the adsorption data can often be described by the Langmuir model in Eq. (4.2). The 
adsorption isotherm experimental results for mercury on chitosan beads and 
chitosan-g-polyacrylamide beads at pH 4 and different initial mercury concentrations 
are shown in Figure 5.7(a).  
 
In general, mercury uptake increased with the initial mercury concentrations for both 
chitosan beads and chitosan-g-polyacrylamide beads, but the equilibrium adsorption 
capacity of mercury on chitosan-g-polyacrylamide beads was much greater than that 
on chitosan beads, suggesting the benefit in grafting polyacrylamide on chitosan beads 
for enhancing metal removal performance. The fitted results from the Langmuir 
equation are also included in Figure 5.7(a). It appears that the adsorption isotherm 
results for both chitosan beads and chitosan-g-polyacrylamide beads can be well 
described by the Langmuir equation. From the model fitting, the maximum adsorption 
capacity, qm, of mercury on chitosan beads and chitosan-g-polyacrylamide beads are 
found to be 181.8 (R2=0.996) and 322.6 mg/g (R2=0.997), respectively. This is in 
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contrast to an adsorption capacity of 51.55 mg/g in a similar study using chitosan for 
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Figure 5.7 Mercury (a) and Lead (b) adsorption isotherms on 
chitosan-g-polyacrylamide and chitosan beads: experimental equilibrium uptakes and 
the Langmuir model fitting (pH: 4; 23oC; ICP detection limit < 10 ppb; Error < 5%). 
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 For comparison purpose, Figure 5.7(b) shows the results from similar experiments 
conducted for lead ion adsorption. The predicted maximum adsorption capacities of 
lead from the Langmuir model on the chitosan beads and chitosan-g-polyacrylamide 
beads are 106.4 mg/g (R2=0.999) and 27.0 mg/g (R2=0.998), respectively. From Figure 
5.7(a) and Figure 5.7(b), it is easily found that the adsorption capacities of chitosan 
beads for mercury and lead were comparable, but those of chitosan-g-polyacrylamide 
beads differed greatly in the adsorption of mercury and lead ions, i.e. the 
chitosan-g-polyacrylamide beads have selectivity in the adsorption of mercury and 
lead. 
 
5.3.4 Effect of pH on selective or competitive adsorption of mercury and lead 
To examine the selectivity of chitosan-g-polyacrylamide beads, adsorption experiments 
were conducted with solutions containing both mercury and lead at equal concentration 
under different solution pH conditions. It has been reported that at a total concentration 
of 10 mmol, the major species presented in the solution would be Pb2+ at pH < 7 (Lv et 
al., 2005), and in the case of mercury, precipitation is not occurred until pH larger than 
6 at a total concentration of 0.1 mmol. 
 
In this study, the concentration of lead and mercury was set at a low level of about 0.1 
mmol and the solution pH studied was from 3 to 6, to avoid any possible precipitation 
effect on the metal adsorption performance. From the results shown in Figure 5.8, the 
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adsorption performance and selectivity of chitosan-g-polyacrylamide beads can be 
found to depend on the pH. With the increase of pH, the adsorption uptakes of mercury 
increased first and reached a maximum level at pH 4, followed by a slightly decrease 
at pH 5 and 6. On the other hand, the adsorption uptake of lead on 
chitosan-g-polyacrylamide beads showed an abrupt change at pH between 5 and 6. At 
pH<5, there was almost hardly any adsorption of lead ions on 
chitosan-g-polyacrylamide beads, but at pH 6, lead uptake increased greatly to a level 
almost similar to that for mercury. The results clearly indicate that selective adsorption 
or separation of mercury over lead can be achieved with chitosan-g-polyacrylamide 
beads at pH below 6. In contrast, the results in Figure 5.8 for chitosan beads do not 
show any clear selectivity for either mercury or lead adsorption.   



















 Hg (II) on  chitosan beads
 Pb (II) on  chitosan beads
 Hg (II) on chitosan-g-polyacrylamide beads
 Pb (II) on chitosan-g-polyacrylamide beads
 
Figure 5.8 Effect of pH on the competitive adsorption of mercury and lead ions on 
chitosan-g-polyacrylamide and chitosan beads (initial mercury concentration: 20 mg/L; 
initial lead concentration: 20 mg/L; 23oC; ICP detection limit < 10 ppb; Error < 5%). 
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 The selectivity of chitosan-g-polyacrylamide beads and chitosan beads for mercury 
and lead may be analyzed from the distribution coefficient (Kd). Kd (mL/g), as defined 
in Eq.(5.1) bellow, is often used as a measurement of the affinity of an adsorbent for a 
particular ion and as an indicator of the selectivity of the adsorbent to the particular ion 













where C0 and Cf are the initial and the equilibrium concentration of a metal species 
(mg/mL), V is the volume of the testing solution (mL), and M is the amount of 
adsorbent (g).  
 
A selectivity coefficient, α (dimensionless), for the binding of a specific metal ion in 
the presence of competitor species can be given by Eq. (5.2) (Kang et al., 2004) as:     
 
 




where Kd(T) is the Kd value of the targeted metal (Hg2+ in this case), and Kd(I) is the Kd 
value of the other metal in the mixed metal solutions (Pb2+ in this case). The greater 
the value α is, the better the selectivity toward mercury over lead would be. 
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 Table 5.4 Competitive binding behaviors of chitosan-g-polyacrylamide beads and 
chitosan beads for Hg2+ and Pb2+ 
 












3 0 0 -- 2, 960 0 -- 
4 7, 960 5, 850 1.36 301, 000 76.4 3940 
5 10, 200 8, 310 1.23 132, 000 76.4 1730 
6 8, 800 11, 600 0.76 91, 500 10, 100 9.06 
 
The calculated Kd and α values are presented in Table 5.4 for both chitosan beads and 
chitosan-g-polyacrylamide beads. It is clear that chitosan beads had little or no 
selectivity of mercury over lead in the mixture solution for pH from 3 to 6 tested (α 
values from 1.4 to 0.7). In contrast, chitosan-g-polyacrylamide beads showed 
extremely good selectivity for mercury at pH less than 6, with α value up to 3956.6 
achieved at pH 4. Therefore, the polyacrylamide grafted on the surface of chitosan 
beads not only provides enhanced adsorption for mercury but also the possibility of 
selectively adsorb or separate mercury ions from lead ions for potential benefit of 
mercury or lead recovery when they are to be removed from water or wastewater.   
 
To further prove the selectivity of amide groups on the adsorption of mercury ions, the 
polymerization of acrylamide on chitosan beads were allowed to proceed for 24, 48, 
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and 72 h respectively so that the chain of polyacrylamide could grow longer and more 
polyacrylamide be grafted on the surfaces. It can be found from Table 5.5 latter that the 
differences in the uptake of Hg2+ and Pb2+ became more significant with the increase 
of the ATRP time. Since polyacrylamide chains grew with the reaction time, it would 
be easy to conclude that polyacrylamide played an important role in the selective 
adsorption of Hg2+ over Pb2+.  
 
5.3.5 Mechanism of selective adsorption  
The experimental results in Figure 5.8 early clearly showed the selectivity of 
chitosan-g-polyacrylamide beads toward mercury ions over lead ions in pH 3-5. This 
suggests the possibility of different adsorption mechanisms for mercury and lead ions 
in this pH range. Figure 5.9 further shows the selective or competitive adsorption 
results of chitosan beads and chitosan-g-polyacrylamide beads at initial solution pH 4 
but at varying initial mercury and lead ion concentrations in the range of 10 to 200 
mg/L.  
 
As can be observed in Figure 5.9, significant amounts of mercury were adsorbed by 
chitosan-g-polyacrylamide beads and the amounts of lead adsorbed by 
chitosan-g-polyacrylamide beads was almost negligible. For example, the adsorption 
amount at an initial concentration of 200 mg/L was 307 mg/g for Hg2+ but only 11.25 
mg/g for Pb2+ with chitosan-g-polyacrylamide beads. The amounts of mercury and 
lead sorption on chitosan beads appeared to be much closer (see Figure 5.9); the 
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adsorption amount at an initial concentration of 200 mg/L, for example was 106 mg/g 
for Hg2+ and 51.2 mg/g for Pb2+.  In other words, at various initial metal 
concentrations, chitosan-g-polyacrylamide beads still always showed great selectivity 
to the adsorption of mercury against lead ions, but chitosan beads did not have good 
selectivity to any of the two metal species.  












 Hg (II) on chitosan beads













 Hg (II) on chitosan-g-polyacrylamide beads
 Pb (II) on chitosan-g-polyacrylamide beads
 
Figure 5.9 Competitive adsorption isotherms on chitosan-g-polyacrylamide and 
chitosan beads (initial pH: 423oC; ICP detection limit < 10 ppb; Error < 5%). 
 
In comparison with the single species experiments in Figure 5.7, the present of Pb2+ in 
the competitive adsorption experiments did not seem to affect the adsorption of Hg2+ 
on chitosan-g-polyacrylamide beads. However, for chitosan beads, the adsorption 
capacities for Hg2+ and Pb2+ were 181.8 mg/g (0.906 mmol/g) and 106.4 mg/g (0.514 
mmol/g) in the single adsorption system. In the binary competitive adsorption system, 
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the adsorption amount was reduced to 0.566 mmol/g and 0.253 mmol/g for Hg2+ and 
Pb2+ respectively. It means that the existence of Pb2+ with Hg2+ together in the solution 
indeed decreased the adsorption capacity of both mercury and lead ions. The total 
adsorption amount on chitosan in the binary system was 0.819 mmol metal ions per 
gram of dry chitosan beads, and was an amount between the adsorption capacities of 
Hg2+ and Pb2+ in the single system. These results suggest that different adsorption 
mechanisms were operative in mercury and lead adsorption with chitosan beads and 
chitosan-g-polyacrylamide beads. It may be speculated that the adsorptions of Hg2+ 
and Pb2+ on chitosan beads took place, at least partly, at the same type of adsorption 
sites (or functional groups). When Hg2+ and Pb2+ were present in the same system, they 
competed with each other for the same adsorption sites and, as a result, the uptake 
amounts of mercury and lead ions were both largely reduced. It is known that one lead 
ion may chelate with more adsorption sites than one mercury ion does. Therefore, the 
total adsorption amount on chitosan beads in the binary system was slightly lower than 
that for mercury but significantly lower than that for lead ions in the single metal 
system. For chitosan-g-polyacrylamide beads, the adsorption of Hg2+ and Pb2+ may 
take place at different adsorption sites through different adsorption mechanism, and 
thus the existence of lead ions did not affect the adsorption of mercury ions noticeably.  
 
Moreover, the experimental results in Table 5.5 also indicate that with 
chitosan-g-polyacrylamide beads prepared at longer polymerization durations, the 
adsorption of Hg2+ increased while that of Pb2+ decreased.  
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 Table 5.5 Competitive adsorption of Hg2+ and Pb2+ on chitosan-g-polyacrylamide of 
different ATRP times 
ATRP times 24h 48h 72h 
Hg (II) uptake (mg/g) 70.35 78.95 79.21 
Pb (II) uptake (mg/g) 20.54 1.50 1.24 
α (Kd (Hg2+)/Kd (Pb2+)) 21.1 3940 6370 
Note: pH=4, m=25 mg, V=100mL, initial concentration=20 mg/L 
 
Since, with the increase of polymerization time, the major change was more and more 
acrylamide molecules being polymerized into the polyacrylamide chain on the surfaces 
of chitosan-g-polyacrylamide beads, it is therefore reasonable to assume that the 
adsorption of Hg2+ was mainly through interaction with polyacrylamide. On the other 
hand, the adsorption of Pb2+ may be affected mainly through interactions with the 
surface of chitosan. With the increase of polymerization duration, the surfaces of 
chitosan beads was increasingly covered by polyacrylamide and thus Pb2+ ions became 
difficulty to find available adsorption sites on the surfaces. Hence, the selectivity of 
Hg2+ over Pb2+ on chitosan-g-polyacrylamide beads can be attributed to the 
introduction of polyacrylamide on the surfaces. As the fundamental differences in the 
functional groups on chitosan beads and chitosan-g-polyacrylamide beads may be the 
amine group for the former and amide group for the latter, the high selectivity of 
chitosan-g-polyacrylamide beads toward mercury ions was therefore attributed to the 
amide group. 
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 On chitosan beads, the primary amine groups could share a lone pair of electrons from 
the N-atom with the metal ions to be adsorbed to form complexes. However, the C=O 
groups in the amide groups in polyacrylamide on chitosan-g-polyacrylamide beads 
could attract the electron cloud of the N-atom in the O=C-NH2 group and lower the 
possibility of donating a lone pair of electrons from the N-atom to form surface 
complex with the metal ions to be adsorbed. Therefore, lead adsorption through 
surface complexation with chitosan-g-polyacrylamide beads was greatly eliminated. 
However, mercury ions are assumed to be able to form covalent bond with the amide 
group (i.e., amido-Hg) in the solution by replacing a hydrogen atom from the amide 
group (Bulbul Sonmez et al., 2002). This probably explains the selectivity of 
chitosan-g-polyacrylamide beads in adsorbing mercury but not lead ions in pH 3-5 
(Note: At pH 6 or above, electrostatic attraction may begin to play the major role in the 
adsorption mechanisms and therefore no clear selectivity for mercury and lead ions 
was observed through the covalent bond or complexation mechanisms).  
 
To provide evidence on the selective adsorption mechanism, XPS analyses were 
conducted for chitosan beads and chitosan-g-polyacrylamide beads before and after 
metal ion adsorption at pH4. Figure 5.10 shows the typical XPS N 1s spectra for 
chitosan beads and chitosan-g-polyacrylamide beads.  
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               (c)                                  (d) 
 
Figure 5.10 XPS N 1s spectra of chitosan beads (a) before and (b) after mercury and 
lead adsorption and chitosan-g-polyacrylamide beads (c) before and (d) after mercury 
and lead adsorption. 
 
For chitosan beads, it is observed that before mercury and lead adsorption, there is 
only one peak at binding energy (BE) of 399.27 eV (see Figure 5.10(a)), which could 
be assigned to the nitrogen atoms in –NH2, but a new peak at BE of 401.86 eV 
appeared after mercury and lead adsorption; see Figure 5.10(b). The new peak at BE of 
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401.86 eV can be attributed to the formation of metal-NH2 complex in which a lone 
pair of electrons in the nitrogen atom was donated to the shared bond between the N 
and Hg2+ or Pb2+, and, as a consequence, the electron cloud density of the nitrogen 
atom was reduced, resulting in a higher BE peak observed. For 
chitosan-g-polyacrylamide beads, Figure 5.10(c) shows that only one peak at BE of 
399.29 eV appeared in the N 1s spectrum before mercury and lead adsorption. This 
peak could be assigned to the nitrogen atoms in the amide groups in the grafted 
polyacrylamide and the NH2 groups in chitosan if any. However, after mercury and 
lead adsorption, three peaks appeared in the N 1s spectrum; see Figure 5.10(d). The 
new peak at BE of 401.45 eV may be due to the formation of metal-NH2 complex (for 
both Hg2+ and Pb2+), but the intensity of this peak is observed to be very small, 
indicating that the amount of metal-NH2 complex, if any, was very limited. However, 
the strong new peak at BE of 398.85 eV indicates that many N-atoms existed in a more 
reduced state on the surfaces of chitosan-g-polyacrylamide beads, due to the metal 
adsorption. This may be due to the formation of covalent bond of amido-Hg, in which, 
Hg shared electrons with N-atom in the O=C-NH2 group, which increased the electron 
cloud density of the nitrogen atom and resulted in a lower BE peak observed. 
Therefore, the XPS results provide evidence supporting the adsorption mechanism of 
forming covalent bond between mercury ions and amide groups. Since the peak 
intensity at BE of 398.85 eV is very strong, as compared to that at 401.45 eV, it can 
again be concluded that the adsorption of mercury on chitosan-g-polyacrylamide beads 




5.3.6 Desorption of adsorbed metal ions on chitosan-g-polyacrylamide beads 
Desorption tests were conducted to regenerate metal-adsorbed 
chitosan-g-polyacrylamide beads in various HCl, HNO3 and HClO4 solutions and the 
experiments indicated that a perchloric acid solution (70%) can be most effectively 
used for the desorption of Hg2+ or Pb2+. After desorption or regeneration of the 
metal-adsorbed chitosan-g-polyacrylamide beads with the perchloric acid, they were 
used again in a subsequent adsorption experiment.  
 
Table 5.6 Adsorption and desorption (recovery) behaviors of Hg2+ and Pb2+ on   
chitosan-g-polyacrylamide beads 
 
Cycle Metal ions Uptake (mg/g) Recovery (%) 
Hg (II) 78.95 96.7% 
Cycle I 
Pb (II) 1.52 99.7% 
Hg (II) 76.62 96.4% 
Cycle II 
Pb (II) 1.56 99.2% 
Hg (II) 75.72 96.6% 
Cycle III 
Pb (II) 1.56 99.7% 
 
Table 5.6 shows the amounts of metal adsorption and desorption or recovery 
percentage from three consecutive adsorption–desorption cycles. It can be found that 
the desorption efficiency was generally above 96% and the adsorption capacity was 
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almost not affected. These results indicate that chitosan-g-polyacrylamide beads would 
have a great potential in practical applications for enhanced removal of mercury ions 






















Polyacrylamide can be successfully grafted from chitosan beads through the 
surface-initiated ATRP method to achieve enhanced and selective removal of mercury 
ions from aqueous solution. The chains of polyacrylamide on the 
chitosan-g-polyacrylamide beads generally grew longer with the reaction time. The 
adsorption results show that the chitosan-g-polyacrylamide beads were very fast in 
adsorbing mercury ions and had a maximum adsorption capacity up to 322.6 mg/g, in 
comparison with 181.8 mg/g for the chitosan beads. The chitosan-g-polyacrylamide 
beads also showed excellent selectivity for mercury over lead ion adsorption in pH 3-5, 
in contrast with the chitosan beads which did not have any clear selectivity for either 
of the two metal species. The selectivity of the chitosan-g-polyacrylamide beads on 
mercury adsorption can be attributed to the ability of mercury ions to form covalent 
bonds with the amide. The adsorbed mercury ions on the chitosan-g-polyacrylamide 
beads can be effectively desorbed in a perchloric acid solution and the regenerated 
beads can be reused almost without loss of the adsorption capacity. The study 
illustrated the great potential of surface modification to make chitosan-based adsorbent 















HIGHLY EFFECTIVE REMOVAL OF LEAD IONS WITH 
CROSSLINKED CHITOSAN BEADS GRAFTED WITH 























In the previous work, advancements have been made to improve the mechanical 
strength and acidic stability, and enhance the adsorption capacity and selectivity of 
chitosan-based adsorbent in the removal of heavy metal ions. However, the 
chitosan-based adsorbents usually have poor adsorption capacity in the low solution 
pH range, especially when the adsorbents are crosslinked in the conventional or 
traditional way. For practical applications, it is of interest to enhance the adsorption 
capacity of crosslinked chitosan beads and expand their applications under low 
solution pH condition. As an example, the study was focused on the removal of lead 
ions.  
 
Lead has been classified as priority pollutants by the US Environmental Protection 
Agency (EPA) and the Maximum Contaminant Level (MCL) of lead ions in drinking 
water has been set at a very low level of 0.015 mg/L by the EPA. This stringent 
environmental regulation on lead ions has placed a great challenge to the treatment 
technologies in many cases and made it necessary to develop more effective and 
efficient technologies for the removal of lead ions from various aqueous solutions. The 
concentrations of lead ions in various industrial wastewaters or effluents may range 
from a few to up to 100-150 mg/L, with the solution pH values usually below 7 and 
possibly down to 1 (Busetti et al., 2005). Conventional technologies that have been 
used to remove lead ions mainly include precipitation, ion exchange, or activated 
carbon adsorption. These technologies however do not work well or are ineffective in 
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removing lead ions from aqueous solutions especially at low concentrations and at low 
solution pH values (Gavrilescu, 2004). Therefore, effort was made to examine chitosan 
beads for the removal of lead ions in this part of the work. 
 
It has been known that the cross-linking of chitosan beads with various chemicals can 
extend the chemical stability of chitosan from pH values above 4 to possibly down to 1, 
but the effectiveness of the cross-linked chitosan beads in adsorbing heavy metal ions 
are usually significantly reduced. The crosslinked chitosan beads normally do not 
show good adsorption performance at low solution pH values (Li and Bai, 2005b). 
Thus, the major challenge in applying chitosan material as an effective adsorbent to 
remove lead ions is to develop the method that can significantly enhance the 
adsorption capacity of crosslinked chitosan beads.  
 
As discussed in Chapter 5, the last decade has been seen with the rapid development of 
surface modification technologies that are used as a popular method for providing a 
material with desirable properties for practical applications (Uyama et al., 1998). 
Among the many methods for surface modification, surface grafting has appeared to 
be a simple and versatile approach to introduce various desired functional groups on 
the surface of a material and the method has also been explored for the application on 
chitosan beads to improve their adsorption capacity or selectivity (Guibal, 2004).  
 
In this chapter, surface modification of the cross-linked chitosan beads through surface 
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grafting of polyacrylic acid (PAAc) was investigated in order to achieve highly 
effective removal of lead ions from aqueous solutions under acidic solution conditions 
with chitosan as the adsorbent. The choice of PAAc is due to its anionic polyelectrolyte 
feature with a high density of carboxyl groups (Smitha et al., 2004). It is known that 
the pKa value of the carboxyl groups is around 3.5 which is significantly lower than the 
pKa value of about 6.5 for the amine groups in chitosan (Yun et al., 2001). Therefore, 
the carboxyl groups may be expected to be more effective than the amine groups for 
the removal of lead ions through attractive electrostatic interaction (in addition to the 
possible chelating coordination interaction) under lower solution pH conditions. The 
long chains of PAAc molecules grafted on the chitosan beads can also be expected to 
significantly increase the number of adsorption sites for lead ions and thus increase the 
adsorption capacity. Although PAAc has been widely used in filtration, drug delivery 
and enzyme immobilization, little research has been done so far on the grafting of 
PAAc on biomaterials to enhance the removal of heavy metal ion, especially such as 
lead ions (Smitha et al., 2004). In addition, a simple two-step method was used in this 
study for the grafting of PAAc on chitosan beads. This is in contrast with the 
commonly used methods for PAAc grafting through plasma discharge, UV irradiation, 
or ozone treatment (Ward et al., 2003; Li and Ruckenstein, 2004) that are complex and 
not well applicable to granular materials. The chitosan beads grafted with PAAc (i.e. 
DCHB-PAAc) developed in this study were also examined for their performances and 
mechanisms in the adsorptive removal of lead ions from aqueous solutions through a 
series of laboratory experiments. 
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6.2 Materials and methods 
6.2.1 Materials 
Chitosan and EGDE were the same as stated in Section 3.2.1 (page 45). Lead (II) 
solution was the same as used in Section 5.2.1 (page 127). Polyacrylic acid (PAAc) 
(50%) from Acros was used as the functional polymer to be grafted on the surfaces of 
the chitosan beads. Water-soluble-1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
hydrochloride (WSC), purchased from Dojindo Chemical Co., was used as the 
preactivation agent of PAAc in the grafting reaction. Titriplex III (disodium 
salt-ethylenediamine-tetraacetic acid (EDTA, 0.1 M), nitric acid (70%), and 
phosphoric acid (85%), supplied by Merck, were used in the desorption study. 
 
6.2.2 Preparation of PAAc-grafted chitosan beads  
Chitosan beads were prepared and crosslinked using conventional crosslinking method 
according to the similar procedures described in detail in section 4.2.2 and 3.2.2, 
respectively. The beads were dried in a vacuum oven before further use. The 
crosslinked chitosan beads are denoted as DCHB.  
 
To graft PAAc chains to the DCHB, a solution containing 20 g of PAAc and 1.33 g of 
WSC was first prepared with DI water in a flask to achieve a WSC concentration of 5 
mg/mL. The contents in the flask was stirred at 4 °C for 1 h to allow a fraction of the 
carboxyl groups in PAAc was preactivated by WSC. Then, a 10 g amount of the 
DCHB was added into the flask and the grafting of PAAc chains on the DCHB was 
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allowed to proceed in the solution at 4 0C for 24 h. Finally, the beads were separated 
from the solution, thoroughly washed with DI water, and then dried and stored in a 
vacuum desiccator for further use. The PAAc-grafted DCHB were denoted as 
DCHB-PAAc. 
 
6.2.3 Lead adsorption experiments 
The adsorption performance for lead ions with the DCHB-PAAc and the DCHB was 
examined at various initial solution pH values. A 0.025 g amount of each type of the 
beads was added, respectively, into a number of flasks containing 50 mL of a lead ion 
solution with the same initial concentration (20 mg/L) but a different pH value (in the 
range of 1 to 6). The contents of the flasks were stirred at 200 rpm and at room 
temperature for 24 h and then the final lead ion concentrations in the flasks were 
determined. 
 
Adsorption isotherm experiments were conducted at initial lead ion concentrations 
ranging from 10 to 200 mg/L and at a solution pH value of 4. A 0.025 g amount of the 
DCHB-PAAc beads was added respectively into 50 mL of the lead solutions in a 
number of flasks. The contents of the flasks were stirred at 200 rpm and at room 
temperature for 24 h and the final lead ion concentrations in the flasks were determined. 
For comparison, the same type of experiments was also conducted with the DCHB.  
 
Kinetic adsorption experiments for lead ions were conducted at a solution pH value of 
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4 and an initial lead ion concentration of 200 mg/L. A 0.5 g amount of the 
DCHB-PAAc beads was added into 1000 mL of the lead solution in a flask. The 
contents of the flask were stirred at 200 rpm and at room temperature for a period of 
up to 1440 min. Samples (5mL) were taken at desired time intervals and analyzed for 
lead ion concentrations. The adsorbed amounts of lead ions per unit weight of the 
beads at time ti, q(ti) (mg/g), was calculated according to Eq (3.4).                             
 
6.2.4 Desorption experiments  
To examine the desorption behaviors of lead ions from the DCHB-PAAc beads, 
adsorption experiments were first conducted by placing a 0.125 g amount of the 
DCHB-PAAc beads in 250 mL of a lead ion solution (with an initial concentration of 
20 mg/L and a solution pH value of 4) for 24 h and the final lead ion concentration in 
the solution was analyzed. The DCHB-PAAc beads adsorbed with lead ions were 
separated from the solution and then added into 50 mL of a 0.1 M EDTA, 1M HNO3 or 
1M H3PO4 solution in a flask for lead ion desorption. The contents in the flask was 
stirred at 200 rpm and at room temperature for a time period up to 4 h and the lead ion 
concentrations in the solution at various times were analyzed. The DCHB-PAAc beads 
were finally collected from the solution by filtration, washed with DI water, and then 
reused in the next cycle of adsorption experiment. The adsorption-desorption 
experiments were conducted for three cycles. Lead ion concentrations in all samples in 
this study were analyzed with an Inductively Coupled Plasma-Optical Emission 
Spectrometer (ICP-OES, Perkin Elmer Optima 3000DV). 
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 6.2.5 FESEM observation  
The surface morphologies of the DCHB-PAAc and DCHB were also examined with a 
field emission scanning electron microscope (FESEM, JEOL JEM 6700) at 5 kV as 
presented in Section 4.2.3 (page 95). 
 
6.2.6 Zeta potential measurement  
The zeta potentials of the DCHB-PAAc and DCHB beads under various solution pH 
conditions were analyzed, following a similar procedure described in section 3.2.4. A 
Zeta-Plus4 instrument (Brookhaven Corp., USA) was used to measure the zeta 
potentials of all the samples.   
 
6.2.7 FTIR analyses  
Reflectance Fourier transform infrared (FTIR) spectra were obtained for the 
DCHB-PAAc and DCHB (with or without adsorbed lead ions) with a FT-IR 
microscope spectrometry (Bio-Rad UMA500) to confirm the grafting of PAAC on the 







6.3 Results and discussion 
6.3.1 Grafting of PAAc on DCHB 
As described early, the grafting of PAAc on the DCHB was achieved through a 
two-step process that is simple and can be easily applied to the surface modification of 
granular materials. Similar methods have also been used in the modification of 
biomaterials for biological applications such as drug delivery (Cen et al., 2003; 
Peniche et al., 2003), indicating that the chemicals used in the process were 






























































Scheme 6.1 The two-step process for polyacrylic acid grafting on DCHB. 
 
The first step was to preactivate the carboxyl groups in PAAc with WSC before they 
can react with the amine groups of chitosan on the DCHB. The grafting process 
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controlled the molar ratio of COOH in PAAc to WSC at about 20:1 so that only a small 
portion of the carboxyl groups in PAAc were involved in the formation of an amide 
bridge that connected an amine group of DCHB with an preactivated carboxyl group 
of PAAC to effect the grafting reaction. In this way, most of the carboxyl groups in the 
grafted PAAc chains on the DCHB were reserved and thus available as the active 
functional groups for lead ion adsorption.  
 
Figure 6.1 shows the FESEM images of the DCHB and DCHB-PAAc beads. It can be 
observed that the surface of the DCHB had three dimensional porous structures due to 
the crosslinking. After the modification with polyacrylic acid grafting, a relatively 
denser layer was formed on the surface of the DCHB-PAAc beads, suggesting that 
PAAc chains were indeed grafted on the surfaces.  
 
To support the FESEM observations and the reactions proposed in Scheme 6.1, FTIR 
spectra of the DCHB and DCHB-PAAc beads were obtained; as shown in Figure 6.2. 
The major peaks for the DCHB bead in Figure 6.2(a) can be assigned as follows: 3507 
cm-1 (-OH and -NH stretching vibrations), 2950 cm-1 (-CH stretching vibration in -CH, 
and -CH2), 1676 cm-1 (-NH bending vibration in -NH2), 1479 cm-1 (-N-H deformation 
vibration), 1386 cm-1 (-CH symmetric blending vibration in –CHOH-), 1327 cm-1, 







Figure 6.1 FESEM images of the surfaces: (a) DCHB and (b) DCHB-PAAc beads. 
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Figure 6.2 FTIR spectra of (a) DCHB and (b) DCHB-PAAc beads. 
 
The FTIR spectrum for the DCHB-PAAc beads in Figure 6.2(b) however shows a few 
major changes. Two new peaks at the wavenumbers of 1575 and 1650 cm-1 appeared 
and they can be assigned to the characteristic C-N and C=O stretching vibrations of the 
amide groups, which suggests that the grafting reaction took place between the NH2 
groups of chitosan and the COOH groups of PAAc and formed the amide structures. 
Another very strong new peak appeared at 1743 cm-1 and it can be assigned to the C=O 
stretching vibration of the COOH groups. The results hence indicate that many COOH 
groups from PAAc existed on or were grafted on the surface of the DCHB-PAAc beads 
(shown as the strong peak at 1743 cm-1). In addition, the disappearance of the peaks at 
1676 and 1162 cm-1 for the primary amine groups of chitosan after PAAc grafting was 
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a direct consequence for their conversion to the amide groups on the DCHB-PAAc 
beads (resulting in the reduced intensities of the peaks at 1676 and 1162 cm-1 for the 
primary amine) and the increased intensities of the peaks at 1575 and 1650 cm-1 for the 
amide groups on the DCHB-PAAc beads. Hence, all the FTIR results confirmed that 
PAAc chains were grafted on the DCHB-PAAc beads and the grafting was through 
forming amide connection between the NH2 groups of chitosan and the COOH groups 
of PAAc, as suggested in Scheme 6.1.   
 
To verify the findings from the FTIR spectra, X-ray photoelectron spectroscopy (XPS) 
was employed. Figure 6.3 shows the C 1s core-level XPS spectra of DCHB and 
DCHB-PAAc beads. As seen in Figure 6.3 (a), the C 1s core-level XPS spectrum of the 
DCHB can be fitted to three main peaks. The peak at binding energy of 284.6 eV could 
be assigned to the carbon in C-C groups. The peak at 286.1 eV represents C in C-OH, 
C-N and C-O-C groups. Other carbon in the O-C-O groups could be reflected by the 
peak at B. E. of 287.8 eV. The area ratio of peak at 284.6 eV to peak at 286.1 eV is 0.9, 
which is in agreement with the structure of chitosan. However, after polyacrylic acid 
grafting, a new peak appears in a more oxidized state with a binding energy of 288.6 
eV (Beamson and Briggs, 1992). This new peak could be assigned to the carbon atom 
in carboxyl groups (-COOH), indicating the grafting of PAAc on the surface of 
chitosan. In addition, the area under the peak at B.E. of 286.1 eV decreased 
significantly, as compared to the area under the peak representing the C-C groups. The 
possible reason is that only a part of the C-OH, C-N, and C-O-C groups could be 
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detected by XPS due to the coverage of polyacrylic acid on the surface of the beads 
after grafting. However, the strength of the peak at B.E. of 287.6 eV did not show 
obvious change after PAAc grafting. Since the coverage of PAAc on the surfaces of the 
beads may result in the O-C-O groups on the chitosan beads undetectable, the 
remaining intensity strength of the peak at 287.6 eV could be due to the formation of 
amide groups (-CONH-) after the PAAc grafting, indicating that the grafting reaction 
takes place between –NH2 groups on DCHB and –COOH groups on PAAc.  
292 290 288 286 284 282 280









Figure 6.3 XPS C 1s core-level spectra of (a) DCHB and (b) DCHB-PAAc beads. 
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6.3.2 Zeta potentials 
Figure 6.4 shows the zeta potentials of the DCHB and DCHB-PAAc beads as a 
function of the solution pH values.  























Figure 6.4 Zeta potentials of DCHB and DCHB-PAAc beads in solutions of different 
pH values. 
 
It can be observed that the DCHB beads had a zero point of zeta potential at about pH 
7.8 and possessed negative zeta potentials only under the basic solution conditions (i.e., 
pH >7.8). In contrast, the DCHB-PAAc beads had a zero point of zeta potential at 
about pH 4 and possessed negative zeta potentials under weak acidic, neutral and basic 
solution conditions (i.e., in a wider pH range of pH>4). From the electrostatic 
interaction point of view, the negative zeta potentials of the adsorbents would favor the 
adsorption of metal ions which carry positive zeta potentials in solutions. Hence, it can 
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be expected that lead ion adsorption on the DCHB and DCHB-PAAc beads can both be 
enhanced with the increase of the solution pH values, but the DCHB-PAAc beads 
would have much better adsorption performance for lead ions than the DCHB beads, 
attributed to the more attractive or less repulsive electrostatic interactions between the 
DCHB-PAAc beads and the lead ions to be adsorbed.   
 
6.3.3 Adsorption performance at different solution pH values 
Figure 6.5 shows the adsorption performance of lead ions on the DCHB and 
DCHB-PAAc beads as a function of solution pH values. 





















Figure 6.5 Effect of solution pH values on the performance of lead ion adsorption on 
the DCHB and DCHB-PAAc beads. 
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The experiments were conducted in the pH range of 1-6 and at a very low initial lead 
ion concentration of 20 mg/L to avoid any possibility of lead precipitation. As expected, 
the results in Figure 6.5 clearly show that the adsorption uptakes for lead ions 
increased with the increase of the solution pH values for both the DCHB and 
DCHB-PAAc beads, and the DCHB-PAAc beads always had significantly greater 
adsorption uptakes for lead ions than the DCHB beads in all the cases. Even though 
lead ions were hardly adsorbed on the DCHB beads at solution pH values below 4, the 
DCHB-PAAc beads still showed much improved or enhanced adsorption of lead ions 
in this low solution pH range. For example, at pH 3, the uptake of lead ions on the 
DCHB-PAAc beads was about 12 mg/g but that on the DCHB beads was only about 
0.8 mg/g. The adsorption performances in Figure 6.5 appear to be closely related to the 
natures of the zeta potentials of the two types of adsorbents discussed early. This may 
be attributed to fact that the carboxyl groups grafted from PAAc on the DCHB-PAAc 
beads made them have much smaller positive zeta potentials or greater negative zeta 
potentials, and therefore they were more effective than the amine groups on the DCHB 
beads for lead ion adsorption at low solution pH values. Hence, the DCHB-PAAc 
beads have much greater potentials than the DCHB beads for lead ion removal from 
various industrial effluents or wastewaters that usually have pH values in the highly 
acidic pH range. 
 
6.3.4 Adsorption isotherms  
The equilibrium adsorption data of lead ions on the DCHB and DCHB-PAAc beads are 
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presented in Figure 6.6. In general, lead ion uptakes on both the DCHB and 
DCHB-PAAc beads increased with the initial or the equilibrium lead concentrations in 
the solutions, but the equilibrium uptakes for lead ions on the DCHB-PAAc beads were 
always significantly greater than those on the DCHB beads; see Figure 6.6(a) and 
Figure 6.6(b) respectively.  
 
It can be observed in Figure 6.6 that the lead ion uptake curves consist of two major 
parts: (1) an rapid increasing phase at lower initial concentrations - the adsorption 
uptakes increased almost proportionally with the initial or equilibrium lead 
concentrations, suggesting that the adsorption sites on the beads were sufficient and the 
amount of adsorption in these cases were dependent on the number of metal ions that 
were transported from the bulk solution to the surfaces of the beads, and (2) a flattened 
phase at higher initial or equilibrium concentrations - the adsorption uptakes no longer 
increased proportionally with the initial lead ion concentrations, indicating that the 
number of available adsorption sites on the surfaces of the beads in fact became the 
limiting factor on the adsorption uptakes in these cases. Because much more 
adsorption sites were available on the DCHB-PAAc beads, resulting from the grafted 
PAAc chains, the transition of the increasing phase to the flattened phase is observed to 
cover a considerably wider concentration range for the DCHB-PAAc beads than for the 
DCHB beads.   
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 Experimental data(b) DCHB
Langmuir fitting
 




The Langmuir, Freundlich and Temkin isotherm models have widely been used in 
adsorption isotherm studies and were also used in this work to fit the experimental 
isotherm data for lead ion adsorption on the DCHB-PAAc beads. The Langmiur and 
Freundlich isotherm models have been given in Eq.(3.8) and Eq.(3.9). The Temkin 
isotherm model takes into consideration of some of the indirect adsorbate/adsorbate 
interaction in an adsorption process and assumes that the heat of adsorption of all the 
molecules in the adsorbing layer would decrease linearly with the coverage (Allen et 










where A is the equilibrium binding constant corresponding to the maximum binding 
energy, b is the Temkin isotherm constant, T is the absolute temperature (K), and R is 
the ideal gas constant.  
 
The fitting of the Langmuir, Freundlich and Temkin isotherm models to the 
experimental isotherm data for lead ion adsorption on the DCHB-PAAc beads are also 
shown in Figure 6.6(a) and the corresponding parameter values from the data fitting 
calculation are given in Table 6.1. The results in Figure 6.6(a) and in Table 6.1 clearly 
indicate that the Langmuir isotherm model gives the best fitting of the experimental 
results, and the maximum adsorption capacity for lead ions is calculated to be 294.12 
mg/g at the solution pH value studied (pH=4).   
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 Table 6.1 Calculated Pb adsorption equilbrium constants 
Isotherm models Parameter Pb 
qm (mg/g) 294.12 
b (L/mg) 0.097 
Langmuir model 
R2 0.992 
KF (mg/g)(L/mg)n 33.25 
bF  0.535 
Freundlich model 
R2 0.977 
RT/b (mg/g) 50.926 





As a comparison, the fitting of the Langmuir isotherm model to the case of the DCHB 
beads is also given in Figure 6.6(b). The Langmuir model also appears to give an 
adequate fit to the experimental data and the maximum adsorption capacity for lead 
ions on the DCHB beads is found to be 95.15 mg/g. Therefore, the grafting of PAAc 
on the DCHB beads significantly enhanced the adsorption capacity of the beads from 
about 95 mg/g (0.46 mmol/g) to 294 mg/g (1.42 mmol/g). In the literature, other 
researchers have reported that lead ion adsorption on activated carbon as 0.14 mmol/g 
(Reed and Arunachalam, 1994), on various algal biomasses as 0.45-1.46 mmol/g 
(Sheng et al., 2004), on native and chemically modified alfalfa biomasses as 0.21 and 
0.43 mmol/g, respectively (Tiemann et al., 2002), or on acetone-washed yeast biomass 
to be in the range of 0.035–0.27 mmol/g (Ashkenazy et al., 1997). Hence, the 
DCHB-PAAc beads developed in this study obviously have comparative and 
competitive advantages for lead ion adsorption or removal. 
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6.3.5 Adsorption kinetics  
Rapid interaction of the metal ions to be separated with the adsorbent is desirable and 
beneficial for practical adsorption applications. The kinetic adsorption results of lead 
ions on the DCHB-PAAc beads are shown in Figure 6.7.  



































Figure 6.7 Kinetic adsorption results of lead ions on the DCHB-PAAc beads. 
 
It can be observed that lead ion uptakes on the DCHB-PAAc beads were a very fast 
process. The amount of adsorption increased rapidly in the first 3 h, contributing to 
about 90% of the ultimate adsorption amount, and then augmented slowly. Adsorption 
equilibrium of lead ions was achieved within 4 h in this case. This is in contrast with 
the case of commercial activated carbon that is commonly used in the industry and is 
known to usually take up to 10-20 h or even more to reach adsorption equilibrium for 
metal ion removal (Machida et al., 2004).  
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 The pseudo-second-order kinetic model has often been used to fit the experimental 
kinetic adsorption data and determine whether an adsorption process is dominated by 
the chemical adsorption mechanism. The linearized pseudo-second-order kinetic 














where qt (mg/g) is the adsorption amount at time t (min), k2 (g/mg·min) is the rate 
constant of the pseudo-second-order kinetic adsorption. The values of k2 and qe can be 
obtained from the intercept and slope of the plot of the experimental t/qt versus t. The 
fitting of Eq.(6.2) to the experimental kinetic data from the study is given in the 
insertion of Figure 6.7. It is observed that the adsorption kinetic data of lead ions on 
the DCHB-PAAc beads are indeed well represented by the pseudo-second-order 
kinetic model, with the correlation coefficient R2 being almost unity (R2=0.999). 
Therefore, it is reasonable to conclude that lead ion adsorption on the DCHB-PAAc 
beads was dominated by a chemical adsorption process that contributed to the fast 
adsorption kinetics (as compared to other conventional or physical adsorption 
processes). The parameter values of qe and k2 determined from the fitting of the kinetic 
model in Eq.(6.2) to the experimental data in Figure 6.7 are found to be 285.71 mg/g 
and 4920 g/mg-min, respectively. The maximum adsorption capacity of 285.71 mg/g 
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obtained from the pseudo-second-order kinetic model is very close to that obtained 
from the Langmuir model early (294.12 mg/g). Again, the fast uptake rate and short 
adsorption equilibrium time provide evidences to support that the surfaces of the 
DCHB-PAAc beads had high density of active adsorption sites for lead ions and the 
uptake of lead ions on the DCHB-PAAc beads mainly took place on the surfaces.  
 
6.3.6 Desorption study  
Desorption experiments were conducted to regenerate the lead-adsorbed DCHB-PAAc 
beads in various solutions, including 0.1 M EDTA, 1 M HNO3, and 1 M H3PO4. The 
kinetic desorption results are shown in Figure 6.8.  





























In general, all the three types of solutions can effectively desorb the lead ions from the 
DCHB-PAAc beads (about 97% of desorption at equilibrium). It is however observed 
that the desorption process was much faster in the 1 M nitric acid solution and it took 
only 10 min to reach about 95% of the desorption. In comparison, lead ion desorption 
in the 1 M H3PO4 or 0.1 M EDTA solution appeared to be slower. The fast desorption 
kinetics in nitric acid is probably due to the fast and complete dissociation of the H+ 
ions. The higher H+ concentration would replace the lead ions adsorbed on the beads 
surfaces more rapidly than in the case used EDTA or H3PO4. However, the final 
desorption extents in EDTA and H3PO4 are marginally higher than that in HNO3. This 
could be attributed to the higher affinity of EDTA to lead ions, and the higher amount 
of H+ in 1M H3PO4 than in 1M HNO3. 
 
Table 6.2 Adsorption and desorption behaviors of Pb on the DCHB-PAAc beads 














EDTA 35.2 97.7% 34.6 97.3% 33.9 97.0% 
1 M  
HNO3 
35.2 95.8% 34.1 95.1% 33.2 94.6% 
1 M 
H3PO4 
35.2 97.8% 34.7 97.3% 34.1 97.1% 
a Adsorption initial concentration at 20 mg/L, pH 4. 
 
The adsorption and desorption processes have been repeated to examine the potential 
possibility of actual applications of the DCHB-PAAc beads. Table 6.2 shows the 
experimental results on the amounts of lead ions adsorbed or desorbed in three 
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consecutive adsorption–desorption cycles.  
 
It is observed that desorption efficiency was generally high and the adsorption capacity 
was almost not affected by the cycles. Since the volume of the desorption solution was 
much smaller than the volume of the lead ion solution used in the adsorption study, the 
desorbed lead ions were present in a much more concentrated solution that may be 
favorable for possible recovery of the lead ions if needed. 
 
6.3.7 Adsorption mechanism of lead ions on DCHB-PAAc beads  
To elucidate the mechanisms of lead ion adsorption on the DCHB-PAAc beads, the 
FTIR spectra of the DCHB-PAAc beads with or without lead ion adsorption at 
different solution pH values were obtained. The characteristic peaks and their 
corresponding changes are shown in Figure 6.9.  
 
For the DCHB-PAAc beads without lead ion adsorption, It can be found that, with the 
increase of the solution pH values from 2 to 4 to 6, the peak at around 1749.4-1743.2 
cm-1 for the C=O stretching vibration of the carboxyl (-COOH) groups was greatly 
reduced and the peak at around 1658.8-1666.5 cm-1 for the asymmetric vibration of the 
deprotonated carboxyl groups or carboxylate ion (-COO-) groups significantly 
increased with the increase of the solution pH values [see Figure 6.9(a), Figure 6.9(c) 
and Figure 6.9(e)]. The FTIR results indicate that more and more carboxyl groups 
deprotonated into carboxylate ion groups with the increase of the solution pH values. 
 190
This conclusion is also supported by the changes of the C-O stretching vibration 
frequency (in the range of about 1303.9-1330.8 cm-1) observed in Figure 6.9(a), Figure 
6.9(c) and Figure 6.9(e). 






















(a) pH 2 without Pb adsorption
(b) pH 2 with Pb adsorption
(c) pH4 without Pb adsorption
(d) pH 4 with Pb adsorption
(e) pH 6 without Pb adsorption








Figure 6.9 Characteristic peaks and corresponding changes of the FTIR spectra for 
DCHB-PAAc with or without lead ion adsorption at pH 2, pH 4 and pH 6. 
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 For pH values varying from 2 to 4 to 6, the peak for the C-O stretching vibration 
shifted to a higher vibration frequency, i.e., from 1303.9 cm-1 at pH 2 to 1327.0 cm-1 at 
pH 4 and to 1330.8 cm-1 at pH 6. These changes can be attributed to the deprotonation 
of the C-OH moiety in the carboxyl groups (i.e., C-OH became C-O-), which increased 
the vibration frequency of the C-O bond, and also to the generation of more C-O- 
groups at a higher pH value. If calculation is made on the basis of pKa = 3.7 for the 
carboxyl groups, the deprotonation percentage of the carboxyl group or the amount of 
COO- groups can be predicted to be 2.0% at pH 2, 66.6% at pH 4, and 99.5% at pH 6. 
The significant changes in the amount of –COO- groups with solution pH values from 
the calculation is also clearly reflected by the FTIR results in Figure 6.9 (see the peak 
intensities for the COO- groups at 1658.8 cm-1 at pH 2, 1658.0 cm-1 at pH 4, and 
1666.5 cm-1 at pH 6). 
 
After lead ion adsorption, the peaks at around 1658.8-1666.5 cm-1 for the COO- groups 
at each pH value were all shifted to a lower vibration frequency (1658.8 to 1655.0 cm-1 
at pH 2, 1658.0 to 1656.0 cm-1 at pH 4, and 1666.5 to 1665.5 cm-1 at pH 6). This can 
be attributed to the formation of the coordinated -COO- and Pb2+ complexes (or 
–COO-··Pb2+), which reduced the vibration frequency of the -COO- groups. Another 
shift is also observed for the peaks at around 1303.9-1330.8 cm-1 to higher vibration 
frequencies (1303.9 to 1354.0 cm-1 at pH 2, 1327.0 to 1338.6 cm-1 at pH 4 or 1330.8 to 
1350.2 cm-1 at pH 6). This type of shifts has been attributed to the complexation of a 
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metal ion with the oxygen atom in the COOH groups (Sievers and Bailar, 1962; 
Figueira et al., 1999; Gardea-Torresdey et al., 2002). Therefore, all these FTIR results 
confirmed that the carboxyl groups of PAAc on the DCHB-PAAc beads were the 
active functional groups for lead ion uptakes and lead ion adsorption on the 
DCHB-PAAc beads was mainly through forming complex with the –COO- groups (i.e., 
forming –COO-··Pb2+ complexes). It is also observed that the peak at 1655.0 cm-1 
representing the coordinated -COO- and Pb2+ complexes at pH 2 is much weaker than 
that at 1656.0 cm-1 at pH 4 and again than that at 1665.5 cm-1 at pH 6, indicating that 
much less coordinated -COO- and Pb2+ complexes were formed at pH 2 than at pH 4, 
and again at pH 4 than at pH 6. This can be a direct consequence of the fact that less 
amounts of –COO- groups were available at a lower pH than at a higher pH for lead 
ion adsorption. It also easily explains the experimentally observed adsorption 
performances of lead ions on the DCHB-PAAc beads at different solution pH values, 
shown in Figure 6.5. 
 
Another interesting change to be noted in Figure 6.9 is the intensity of the peak for the 
–COO- groups after lead ion adsorption at each pH value studied. The intensity of the 
peak for the –COO- groups after lead ion adsorption became much stronger than that 
for the –COO- groups before lead ion adsorption (comparing the peak at 1655.0 to 
1658.8 cm-1 at pH 2, the peak at 1656.0 to 1658.0 cm-1 at pH 4, and the peak at 1665.5 
to 1666.5 cm-1 at pH 6 in Figure 6.9). The results appear to indicate that more –COO- 
groups were generated with the adsorption of lead ions and these –COO- groups also 
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participated in the adsorption of lead ions to form the –COO-··Pb2+ complexes, thus 
increased the vibration intensities of the –COO- groups after the adsorption of lead 
ions. The explanation for this phenomenon may be given as: the adsorption of Pb2+ 
with –COO- may disrupted the protonation-deprotonation equilibrium established 
between the –COOH and –COO- groups before lead ion adsorption and drove more 
–COOH groups to be deprotonated. As a consequence, the intensity of the peak for the 
–COOH groups at each pH value is observed to be reduced after lead ion adsorption 
(see the peaks at 1743.1 and 1749.4 cm-1 at pH 2, the peaks at 1739.8 and 1743.2 cm-1 
















Crosslinked chitosan beads were successfully grafted with polyacrylic acid (PAAc) via 
a simple and environmentally safe two-step surface modification method. FTIR study 
showed that the grafting modification was through the reaction between amine groups 
on the surface of chitosan beads and a small portion of the carboxyl groups in PAAc. 
Zeta potential analysis showed that the modified beads had negative zeta potential at 
pH larger than 4 which favored the adsorption of cation metal ions, such as lead ions, 
in a wider pH range, as compared to that of the DCHB (pH > 7.8). Adsorption 
experiments showed that the modified DCHB-PAAc beads had much greater 
adsorption capacity for lead ions than the DCHB beads at all the pH values studied. 
Adsorption isotherm study indicated that the adsorption of lead ions on the 
DCHB-PAAc beads can be well fitted to the Langmuir isotherm model with a 
maximum adsorption capacity of 294.12 mg/g at pH 4. The high adsorption capacity 
can be attributed to the high density of carboxyl groups grafted on the DCHB-PAAc 
beads by forming complexes with lead ions during the adsorption.  Desorption study 
showed that the lead ions on the DCHB-PAAc beads can be easily and effectively 
desorbed in a short time and the regenerated beads can be reused almost without any 















































This research attempted to prepare novel chitosan-based biopolymer adsorbents with 
good mechanical strength and acidic resistance, high adsorption capacity and 
selectivity for heavy metal ions through polymer blending, surface modification, and 
polymer grafting.  
 
Through polymer blending of cellulose with chitosan, the prepared chitosan-cellulose 
hydrogel beads showed a smaller hydration rate, as compared to chitosan hydrogel 
beads. SEM images clearly showed that chitosan-cellulose hydrogel beads had much 
denser structure. In addition, with the increase in the cellulose content, the surface of 
the chitosan-cellulose beads became even denser, indicating the improvement of the 
mechanical strength of the adsorbent. The mechanical strength test showed that the 
crosslinked chitosan-cellulose beads had significantly greater loading capability at 
breaking than the cross-linked chitosan beads, indicating the enhancement of the 
mechanical property with the addition of cellulose. Although traditional EGDE 
crosslinking method has successfully improved the acidic resistance property of the 
chitosan-cellulose beads, copper adsorption experiments showed that the adsorption 
capacity of the crosslinked chitosan-cellulose hydrogel beads was much lower than 
that of non-crosslinked beads. This was attributed to the traditional crosslinking 
reaction that usually takes place with the amine groups of chitosan. Since the amine 
groups are the main binding sites for heavy metal ions, the consumption of the amine 
groups by the crosslinking reaction thus reduced the adsorption capacity. FTIR and 
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XPS analysis confirmed that EGDE was indeed prone to react with the primary amine 
groups of chitosan in the crosslinking reaction. This has therefore motivated the 
development of new crosslinking methods that can prevent the consumption of the 
amine groups of chitosan during the crosslinking reaction.   
 
A novel crosslinking method was successfully developed. Formaldehyde was used to 
treat the chitosan beads before crosslinked with EGDE. FTIR and XPS results showed 
that the crosslinking reaction took place mostly with the hydroxyl groups and 
insignificantly with a small number of the amine groups because most of the amine 
groups were sheltered by the formaldehyde treatment. After the crosslinking, an acid 
treatment was conducted. XPS analysis showed that most of the amine groups were 
released or recovered by the acid treatment. It was found that the novel crosslinked 
chitosan beads had good stability in acidic solutions and much higher adsorption 
capacity than those crosslinked by the traditional crosslinking method, even though the 
adsorption capacity of the novel crosslinked chitosan beads was still a little bit lower 
than that of the non-crosslinked beads. This was due to some of the amine groups not 
being completely sheltered by the formaldehyde treatment or released by the acid 
treatment. XPS analysis showed that about 90% of the amine groups were sheltered in 
the formaldehyde treatment, and about 80% of the sheltered amine groups were 
released in the acid treatment. Copper adsorption experiments showed that the 
adsorption capacity of the novel crosslinked beads was about 90% of that of the 
non-crosslinked beads, in comparison with only about 60% for the chitosan beads from 
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the traditional crosslinking method.  
 
Attempts have been made to prepare chitosan-based adsorbent with enhanced and 
selective adsorption performance. Surface initiated atom transfer radical 
polymerization (ATRP) was successfully used to introduce polyacrylamide onto the 
surfaces of the conventionally crosslinked chitosan beads. Experiments showed that 
the length of the polymer chain of polyacrylamide increased with the reaction time. 
Adsorption experiments showed that polyacrylamide-grafted chitosan beads had very 
good selectivity for mercury over lead at a large pH ranges from 3-6, but the 
non-grafted chitosan beads showed no selectivity for either of the two types of heavy 
metal ions. The selectivity of polyacrylamide grafted chitosan beads to mercury ions 
could be attributed to the grafted amide groups that have the capacity to form covalent 
bonds with mercury ions. Since lead ions were not able to form covalent and chelating 
bonds with the amide groups, the polyacrylamide grafted chitosan beads did not adsorb 
lead ions to any significant extent. Thus, the selective removal of mercury over lead 
ions by the polyacrylamide grafted chitosan beads was achieved. 
 
Another important area in developing chitosan-based adsorbent is to enhance the 
adsorption capacity of crosslinked chitosan beads for expanded application, 
particularly under acidic conditions. Crosslinked chitosan beads were successfully 
grafted with polyacrylic acid (PAAc) via a simple and environmentally safe two-step 
surface modification method. FTIR study showed that the grafting modification was 
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through the reaction between the amine groups of the chitosan beads and the carboxyl 
groups of PAAc. Zeta potential study showed that the modified chitosan beads had 
negative zeta potential at pH larger than 4 favored the adsorption of cation metal ions 
in a wider pH range than the DCHB beads which had negative zeta potential at pH 
larger than 7.8. Adsorption experiments showed that the modified DCHB-PAAc beads 
had much greater adsorption capacity for lead ions than the DCHB beads in the pH 
range of 1-6 studied. The high adsorption capacity of the DCHB-PAAc beads for lead 
ions can be attributed to the high density of the carboxyl groups grafted on the beads to 
form complexes with lead ions in the solutions. The adsorbed lead ions can be 
effectively desorbed from the adsorbent in a short time and the adsorbent can be reused 
almost without any loss of adsorption capacity. Since most industrial effluents 
containing lead ions are often highly acidic, the DCHB-PAAc beads have a good 
potential to be used to remove lead ions, and possibly other heavy metal ions as well, 
from these industrial wastewater. 
 
7.2 Recommendations and future work 
This study is a meaningful attempt to synthesize chitosan-based bioadsorbent with 
enhanced mechanical strength, acidic resistance, adsorption capacity and selectivity. 
Amine protected crosslinking method is also developed for the first time and it 
significantly improve the adsorption capacity, as compared to the traditional 
crosslinking methods. In addition, it is also for the first time that atom transfer radical 
polymerization (ATRP) has been successfully applied for biopolymer such as 
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chitosan instead of inorganic wafer surface.  
 
However, as mentioned in the previous discussion, the adsorption capacity for the 
novel crosslinked chitosan beads was still 10% smaller than that of the 
non-crosslinked beads, due to the incomplete of the sheltering amine groups in the 
formaldehyde treatment. Therefore, research could be done in the future to improve 
the efficiency of the formaldehyde treatment.  
 
The selectivity test of the chitosan-g-polyacrylamide beads was only conducted for a 
binary system (mercury/lead system). There is an interest to examine the competitive 
adsorption performance in a ternary or multi components system and for other heavy 
metals. Since the selectivity of polyacrylamide grafted chitosan beads are due to the 
special property of amide groups and typical structure of mercury, it is possible to 
extend the application according to these characteristics. For example, copper, zinc, 
cadmium, and nickel etc have similar properties as lead, and uranium has similar 
structure and electron orbit arrangement as mercury. Based on the same principle in 
this study, selectivity separation of mercury or uranium from copper, zinc, cadmium, 
and nickel may be investigated in the further study.  
 
The surface modification studies in Chapter 5 and Chapter 6 were for crosslinked 
chitosan beads by the conventional crosslinked method for general purpose. There 
certainly is the interest to conduct those modification studies for chitosan beads 
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prepared through the novel crosslinking method developed in this study. It may be 
expected that the adsorption capacity would be significantly increased because more 
amine groups on the surfaces for the modification reaction. 
 
In addition, in this study the modification was done separately to achieve different 
specific purposes. In the future study, a combination of the modification processes 
could be used to synthesis adsorbents with all the enhanced properties to meet the 
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